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CHAPTER 1 INTRODUCTION 
1.1 Fundamental Nucleic Acid Constituents 
Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), carry the 
genetic information used in the construction, reproduction, functioning and development 
of all known forms of life. Nucleosides and nucleotides are the fundamental building 
blocks of nucleic acids. A nucleoside is composed of a nucleobase (Figure 1.1) and a 
deoxyribose or ribose sugar (Figure 1.2). A nucleoside with at least one phosphate 
moiety bound to the 5'-hydroxyl of the sugar gives a nucleotide (Figure 1.3). Large 
nucleotide polymer chains form DNA and RNA (Figures 1.4 and 1.5). The biochemical 
properties and function of each nucleoside and mononucleotide greatly depend on their 
nucleobases. In particular, adenine (Ade), cytosine (Cyt), and guanine (Gua) 
nucleobases naturally occur in both DNA and RNA. The uracil (Ura) nucleobase occurs 
mainly in RNA, whereas its 5-methylated derivative, thymine (Thy) is typically found in 
DNA. A detailed introduction to each nucleoside and mononucleotide is given in the 
following sections. 
For this thesis research, we are particularly interested in probing the intrinsic 
properties, i.e., the stable gas-phase conformations and N-glycosidic bond stabilities, of 
the protonated forms of DNA and RNA nucleosides and mononucleotides, and to 
provide insight into the effects of protonation on more complex macromolecular DNA 
and RNA that may occur in low pH environments. In particular, the stable gas-phase 
conformations of the protonated nucleosides (four pairs of the canonical DNA and RNA 
nucleosides, as well as 2'-deoxyuridine and 5'-methyluridine) are examined by infrared 
multiple photon dissociation (IRMPD) action spectroscopy in conjunction with theoretical 
2 
 
calculations. The energetics and dissociation mechanisms for glycosidic bond cleavage 
of all ten protonated nucleosides are examined by energy resolved collision-induced 
dissociation (CID) experiments using guided ion beam tandem mass spectrometry 
(GIBMS) techniques, analysis of which is also assisted by theoretical calculations. The 
stable gas-phase conformations of the four pairs of protonated canonical DNA and RNA 
mononucleotides are also investigated via IRMPD action spectroscopy experiments and 
theoretical calculations.  
1.1.1 Adenine Nucleosides and Mononucleotides 
The adenine nucleosides and mononucleotides examined in this thesis work 
include: 2'-deoxyadenosine (dAdo), adenosine (Ado), 2'-deoxyadenosine-5'-
monophosphate (pdAdo) and adenosine-5'-monophosphate (pAdo). Ade exhibits high 
photostability under UV irradiation, which is essential for preserving genetic 
information.1 dAdo and pdAdo are involved in protein synthesis, cellular respiration and 
molecular recognition.2,3 Ado and pAdo are components of di- and triphosphorylated 
Ado, ADP and ATP, which participate in the activation of enzymatic transformations.4 
The 3',5'-cyclic monophosphate of Ado (cAMP) mediates the actions of peptide 
hormones.5 Nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide 
(FAD) are directly involved in redox reactions.6,7  
N1 has been determined to be the most favorable protonation site for isolated 
Ade in the gas phase by experiment and theory.8,9 However, a previous study of 
protonated Ado, [Ado+H]+, by Touboul et al.10 using the extended kinetic method and 
theoretical calculations reported a gas-phase proton affinity (PA) of 979 ± 1 kJ/mol for 
Ado and found N3 to be the preferred site of protonation. Gidden et al.11 also 
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determined N3 as the most favorable protonation site for pdAdo in the gas phase using 
ion-mobility spectrometry-mass spectrometry (IMS-MS) and theoretical calculations. 
Both studies suggested that the sugar and phosphate moieties alter the chemistry of 
isolated Ade as N3 protonation allows Ade to rotate into a syn nucleobase orientation 
and form a strong N3H+···O5' ionic hydrogen-bonding interaction. In contrast, Ade is 
found to be in an anti orientation in the stable gas-phase conformations of deprotonated 
pdAdo and pAdo, [pdAdo-H]- and [pAdo-H]-, by Nei et al.12,13 using IRMPD action 
spectroscopy and theoretical calculations. The change in orientation of Ade in different 
pH environments suggest that N3 protonation induces base rotating as syn protonated 
Ade is able to stabilize the excess proton via strong intramolecular hydrogen-bonding 
interaction. 
1.1.2 Cytosine Nucleosides and Mononucleotides 
The cytosine nucleosides and mononucleotides examined in this thesis work 
include: 2'-deoxycytidine (dCyd), cytidine (Cyd), 2'-deoxycytidine-5'-monophosphate 
(pdCyd) and cytidine-5'-monophosphate (pCyd). Cyt is the most alkaline in aqueous 
solution among the canonical nucleobases.14 Protonated Cyt has been found to be 
involved in various noncanonical base pairs.1517 These properties of Cyt have 
stimulated great interest in Cyt nucleosides and nucleotides particularly under low pH 
conditions. Crystal diffraction data has indicated that protonation occurs at the N3 
position of Cyt in aqueous solution or in the absence of solvent.18 15N and 14N-NMR 
data also suggested that N3 protonation is preferred for Cyt, Cyd and pCyd in aqueous 
and organic solvents.1921 However, the nitrogen-NMR spectroscopy experiments are 
only able to elucidate the nitrogen resonances such that the effect of O2 protonation 
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remains unclear. For this reason, more attention has been paid to the O2 site of Cyt in 
gas-phase experiments. Experimental and theoretical studies of Cyt, dCyd and Cyd in 
the gas phase suggest that N3 and O2 have very similar PAs.2224 Filippi et al. studied 
the gas-phase structures of protonated dCyd and Cyd, [dCyd+H]+ and [Cyd+H]+, using 
IRMPD spectroscopy and theoretical calculations.25 They found that both N3 and O2 
protonated low-energy conformers are populated in the experiments, again suggesting 
that N3 and O2 protonation are equally important. Ung et al.26 performed a parallel 
study, but interpreted the measured IRMPD spectra of [dCyd+H]+ and partially 
deuterated [dCyd+H]+ in the hydrogen-stretching region as arising solely from N3 
protonated conformers, and suggested that O2 protonated conformers are largely 
absent. The gas-phase conformations of deprotonated pdCyd and pCyd, [pdCyd-H]- 
and [pCyd-H]- investigated by Nei et al.12,13 suggest that Cyt adopts an anti orientation 
and the sugar moieties exhibit C3'-endo puckering to facilitate a strong hydrogen-
bonding interaction between the 3'-hydroxyl hydrogen and one of the oxo oxygen atoms 
of the deprotonated phosphate moiety. Gidden et al.11 found N3 as the preferred 
protonation site for pdCyd using IMS-MS and theory and suggested that the ground-
state conformer of [pdCyd+H]+ also exhibits an anti nucleobase orientation but with C2'-
endo sugar puckering. 
1.1.3 Guanine Nucleosides and Mononucleotides 
The guanine nucleosides and mononucleotides examined in this thesis work 
include: 2'-deoxyguanosine (dGuo), guanosine (Guo), 2'-deoxyguanosine-5'-
monophosphate (pdGuo) and guanosine-5'-monophosphate (pGuo). Gua has the 
lowest oxidation potentials among the canonical nucleobases.27,28 Therefore, dGuo, 
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Guo, pdGuo and pGuo are susceptible to oxidative damage involving alkylating and 
oxidizing agents, halogens and phenoxyl or aromatic radicals.2932Gua provides various 
hydrogen-bond donors and acceptors and these sites are also readily involved in 
interactions with mono- and bivalent metal cations.33,34 These characteristics of Gua 
facilitate the self-assembly of Gua nucleosides or nucleotides via Hoogsteen hydrogen-
bonding interactions to form G-quadruplexes, which are further stabilized by intercalated 
metal cations.35,36 G-quadruplexes are major components of telomeric DNA.37 Nir et 
al.38 previously reported resonance enhanced multiphoton ionization (REMPI) spectra of 
neutral dGuo and Guo generated by laser desorption/jet cooling.39 They found that both 
syn and anti conformers of neutral dGuo and Guo that are stabilized by intramolecular 
hydrogen bonding interactions involving N3 contribute to the measured REMPI spectra. 
Nei et al.12,13 characterized the gas-phase conformations of deprotonated pdGuo and 
pGuo, [pdGuo-H]- and [pGuo-H]-, by IRMPD action spectroscopy and theoretical 
calculations. They found that among all of the deprotonated DNA and RNA 
mononucleotides only [pdGuo-H]- and [pGuo-H]- exhibit a syn nucleobase orientation, 
which is stabilized by a strong hydrogen-bonding interaction between the 2-amino 
hydrogen atom of Gua and one of the oxo oxygen atoms of the deprotonated phosphate 
moiety. In contrast, the gas-phase conformation of protonated pdGuo, [pdGuo+H]+ 
examined by IMS-MS in conjunction with theory is protonated at N7 of Gua and exhibits 
an anti nucleobase orientation.11 Therefore, similar to that found for deprotonated vs. 
protonated Ade mononucleotides (anti vs. syn, see Section 1.1.1), protonation again 
induces rotation of the nucleobase residue about the glycosidic bond, but in an opposite 
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sense, from a syn to an anti orientation. Clearly, protonation greatly influences the 
nucleobase orientation of the purine mononucleotides. 
1.1.4 Thymine Nucleosides and Mononucleotides 
The thymine nucleosides and mononucleotides examined in this thesis work 
include: thymidine (dThd), 5-methyluridine (Thd) and thymidine-5'-monophosphate 
(pdThd). The enhanced photoreactivities of dThd, Thd and pdThd often result from the 
slow dissipation of electronic energy of the Thy nucleobase upon optical excitation.40,41 
Thy absorbs ultraviolet light to yield a cyclobutane photodimer that leads to carcinogenic 
and mutagenic effects.42 Therefore, dThd, Thd and pdThd may be more susceptible to 
UV-induced carcinogenesis and mutagenesis than the other nucleosides and 
nucleotides. The Thy nucleobase is able to undergo keto-enol tautomerization that may 
lead to mispairing and consequently point mutations and molecular based diseases.43 
Experimental and theoretical studies4446 on the tautomeric behavior of the Thy 
nucleobase have found that neutral Thy is present as the canonical diketo form, 
whereas keto-enol tautomerization takes place rapidly upon protonation such that minor 
tautomers dominate the population and O4 protonated canonical conformers are 
present in low abundance. Salpin et al. studied the gas-phase conformations of 
[dThd+H]+ by IRMPD spectroscopy in the IR fingerprint region using the CLIO free 
electron laser.47 They suggested that the 2,4-hydroxy tautomers are dominant in the 
populations with both O2 and O4 protonated conformers present in low abundance. 
Interestingly, markedly different from these findings for [dThd+H]+, protonation occurs 
on the phosphate oxo oxygen of pdThd and the protonated phosphate moiety is able to 
stabilize a syn oriented canonical Thy.11 Thd is not among the naturally occurring 
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nucleosides. Therefore, studies of the intrinsic properties of Thd are very limited.48 It 
would be useful to examine Thd to provide insight into the effects of modification (i.e., 5-
methylation) as compared to the canonical forms of nucleosides.  pdThd or pdThd-
containing polynucleotides tend to interact with proteins quite readily, which has been 
indicated by the fact that anti-single-stranded DNA antibodies have been found to only 
bind pdThd or pdThd-containing nucleotides.49 The modified form of pdThd, thymidine 
boranomonophosphate, has been successfully synthesized simply from dThd via an H-
phosphonate approach and has served as a chemotherapeutic drug.50 
1.1.5 Uracil Nucleosides and Mononucleotides 
The uracil nucleosides and mononucleotides examined in this thesis work include: 
2'-deoxyuridine (dUrd), uridine (Urd) and uridine-5'-monophosphate (pUrd). Ura 
posseses two keto moieties that are susceptible to tautomerization. Tautomerization of 
Ura occurs readily upon protonation and results in formation of the 2,4-dihydroxy 
tautomer.5153dUrd, a modified form of Urd, is the DNA analogue of Urd, but is not one 
of the canonical DNA nucleosides. Urd is highly susceptible to modifications, such as 
halogen, ethyl, methylthio, hydroxymethyl, and allyl substituting at the 5-position of Urd. 
These Urd variants can be used as antiviral drugs.5456Peña et al. studied the gas-
phase conformations of neutral Urd by laser ablation using Fourier transform microwave 
techniques and theoretical calculations.57 The most stable structure found is stabilized 
by O3'H···O2'H···O2 dual hydrogen-bonding interactions with an anti nucleobase 
orientation and C2'-endo sugar puckering. Mezzache et al.58 measured the PAs of both 
dUrd and Urd using the kinetic method59 and theoretical calculations. They found that 
the PA of dUrd is ~10 kJ/mol greater than the PA of Urd, indicating that the 2'-hydroxyl 
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substituent slightly decrease the PA. They also found that the sugar configuration exerts 
a minor effect on the PAs (~2 kJ/mol) of dUrd and Urd. Grabarkiewicz et al.60 studied 
the nucleobase orientation relative to the glycosidic bond in 5'-deoxy- and 5'-O-methyl-
uridine-2',3'-cyclic monophosphate in both gas phase and aqueous environments. Their 
results suggest minor energy differences between the syn and anti conformers for both 
nucleotides in the gas phase. In contrast, they found that the syn conformers of both 
nucleotides are ~60 kJ/mol more stable in aqueous solution than their anti counterparts. 
Because the Ura and Thy nucleosides and nucleotides differ only by the 5-methyl 
substituent, comparisons of the intrinsic properties of these system are compelling, and 
provide insight into the effects of the 5-methyl substituent on the intrinsic properties 
under examination. 
1.2 Important Determinants of Nucleic Acid Structures 
There are three important factors that determine the overall structures of nucleic 
acids: nucleobase orientation, sugar puckering and hydrogen-bonding interactions. 
Variations in those three structural determinants lead to changes in the overall 
structures of nucleic acids. Therefore, detailed examinations of these features of the 
fundamental nucleic acid building blocks would greatly benefit our current 
understanding of the overall structural features of large nucleic acid molecules.  
1.2.1 Nucleobase Orientation 
There are two limiting nucleobase orientations relative to the glycosidic bond: anti 
and syn. When the important functional groups (hydrogen-bond donors or acceptors) of 
the nucleobase rotate to an orientation that facilitates hydrogen-bonding interactions 
and thus enable Watson-Crick (WC) base pairing in double-stranded nucleic acids,61 it 
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is referred to as an “anti” orientation. Conversely, if the nucleobase is rotated such that 
those hydrogen-bond donors or acceptors are not available for such hydrogen-bonding 
interactions, then it is referred to as a “syn” orientation. For example, in both the B- and 
A-forms of DNA, the orientations of all nucleobases are anti,62 whereas the guanine 
nucleobases take on syn orientations in Z-form DNA.63 The nucleobase orientation in 
biological RNAs is usually the A-form geometry, similar to their DNA counterparts, it is 
usually found to be anti as well.64 However, syn nucleobases are found to be much 
more prevalent in the active sites of functional RNAs.65 In general, because the anti 
nucleobase orientation is adopted by the most commonly seen B-form geometry, and 
has been found to more be prevalent in nucleic acids overall, it is viewed as the 
“canonical” orientation, whereas the syn nucleobase orientation is generally referred to 
as “glycosidic bond rotation” relative to the anti orientation.62  
1.2.2 Sugar Puckering 
The sugar configuration of nucleic acids is typically classified as either endo or 
exo, with endo puckering being the dominant form in nucleic acids.66 In particular, the 
most commonly seen B-form DNA exhibits C2'-endo sugar puckering, whereas A-form 
DNA exhibits C3'-endo sugar puckering.66 The sugar moieties in the guanine containing 
nucleotides in Z-form DNA exhibit C2'-exo configurations.63 RNA most frequently adopts 
the A-form geometry, which exhibits C3'-endo sugar puckering.67 In general, C3'-endo 
sugar puckering produces a shorter 3'-hydroxyl5'-hydroxyl or 3'-hydroxyl5'-phosphate 
distance in nucleosides or nucleotides, respectively. Therefore, in the polynucleotide 
chains of DNA and RNA, C3'-endo sugar puckering generally lead to a significantly 
10 
 
shorter phosphate-phosphate distance along the backbone of DNA and RNA, resulting 
in a more compact helical conformation.  
1.2.3 Hydrogen-Bonding Interactions 
Hydrogen-bonding interactions are extremely important in maintaining the 
structures and function of nucleic acids. Base pairs held together by hydrogen-bonding 
interactions contribute to the folded structures of nucleic acids. In particular, the 
canonical or WC base pairs (GC and AT or AU), are dictated by specific patterns of 
hydrogen-bonding interactions, which form and further stabilize the DNA double helix.61 
Specific sequences of the nucleobases along the helical chains correspond to specific 
genetic information. In contrast, RNA molecules are single stranded and intramolecular 
base pairs can occur. WC base pairs allow the formation of short intrastrand double 
helices, which are commonly seen in transfer RNAs (tRNAs).68 Moreover, a wide variety 
of non-WC base pairs are found in RNAs and contribute to a diverse range of three-
dimensional RNA architectures.69 The most seen non-WC base pairs are Hoogsteen 
and Wobble base pairs.70,71 Hoogsteen base pairs exhibit different hydrogen-bonding 
patterns than WC base pairs resulting from a purine base rotating to a syn orientation. 
In Hoogsteen base pairs, N7 acts as a H-bond acceptor, and the 6-amino H atom of 
Ade or O6 carbonyl oxygen of Gua acts as a H-bond donor of the purine nucleobases in 
syn orientations interacting with the 3 and 4 positions of the pyrimidine nucleobases in 
anti orientations. TAT base triplets are found to form a DNA asymmetric triple helix via 
Hoogsteen hydrogen-bonding interactions.72 Wobble base pairs often involve the purine 
derivative, hypoxanthine (I). The four most commonly seen Wobble base pairs are GU, 
IU, IA and IC. 
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1.3 Effects of Protonation on the Structures of Nucleic Acids 
As mentioned in Section 1.2.3, hydrogen-bonding interactions are critical in 
maintaining the overall structures of nucleic acids. Protonation greatly alters the 
canonical hydrogen-bonding patterns, may indirectly affect the nucleobase orientation 
and sugar puckering, and ultimately influences the architecture and function of nucleic 
acids. For example, A+C, A+G, A+A+, C+C, and Hoogsteen C+G base pairs are all 
stabilized by protonation.7377Inparticular, C+C base pairs constitute the DNA 
tetrameric i-motif structures.15 TT base pairs can be further incorporated into the i-motif 
structures to form various novel i-motif tetramers.78 The C+GC base triplet contributes 
to DNA triple helices.79,80 Protonation on the pyrimidine nucleobases has drawn more 
attention because the N3 and O2 atoms of Cyt share very similar PAs,23,24,8183 and Thy 
and Ura undergo rapid tautomerization upon protonation.46,51,53,84 For example, 
protonation at the N3 position of Cyt has been identified in the protonated Cyt-Cyt and 
Cyt-2-aminopurine base pairs,15,85 whereas O2 protonated Cyt is involved in the AC+ 
base pair observed in single crystals of oligonucleotide duplexes.86 Because protonation, 
or low pH conditions, may greatly impact the overall structures of nucleic acids, studies 
of the intrinsic properties of the protonated forms of the fundamental nucleic acid 
building blocks are extremely important. Therefore, this thesis research includes 
detailed investigations of the gas-phase conformations of the protonated DNA and RNA 
nucleosides and mononucleotides.  
1.4 N-Glycosidic Bond and Effects of Protonation on Glycosidic Bond Cleavage 
An N-glycosidic bond connects the 2'-deoxyribose or ribose sugar and 
nucleobase in all of the canonical and many of the minor DNA and RNA nucleosides. 
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The N-glycosidic bond is crucial for maintaining the integrity of the overall structures of 
nucleic acids and ultimately allows the biological and genetic information that nucleic 
acids contain to be preserved. For this reason, glycosidic bonds are generally quite 
stable under normal biological conditions. However, the nucleobases are highly 
susceptible to modifications and damage, and the removal of unwanted nucleobases is 
highly desirable.87 Therefore, N-glycosidic bond cleavage plays important roles in 
nucleobase salvage and DNA excision repair pathways.88,89 To better understand DNA 
damage and repair processes involving the N-glycosidic bond, the cleavage reactions 
and stabilities of this bond have been widely studied both experimentally9095 and 
theoretically.96101 These studies suggest that under biological conditions, two 
dissociation mechanisms, a concerted SN2 and a stepwise SN1, are involved in the 
glycosidic bond cleavage processes catalyzed by enzymes.102,103 These two 
mechanisms are difficult to distinguish and may even accompany one another.104 The 
stepwise SN1 mechanism, involving the departure of the nucleobase (DN) and the 
addition of the nucleophile (AN), is found to be more prevalent for enzymatic glycosidic 
bond cleavage such that the active-site residues of the catalyst enable nucleobase 
departure (DN) via hydrogen-bonding interactions or protonation of the base, and the 
activated nucleophiles attack the sugar after the removal of the base.105,106 Acidic 
conditions or alkylating agents generally accelerate glycosidic bond hydrolysis, as 
protonation makes the nucleobase a better leaving group, lowers the barrier to activated 
dissociation, and facilitates cleavage of the glycosidic bond. 97,107  However, the intrinsic 
dissociation mechanisms for glycosidic bond cleavage upon protonation without the 
assistant of water molecules or enzymes are unclear. In addition, accurate 
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thermochemical information regarding the stabilities of glycosidic bonds in various 
chemical environments is largely unknown. This thesis research begins to address 
these issues. In particular, to probe the mechanisms for N-glycosidic cleavage and to 
obtain the quantitative energetics associated with these processes under low pH 
conditions for the canonical and a few modified DNA and RNA nucleosides. 
1.5 Effects of 2'-Hydroxyl Substituent, Nucleobase, and Phosphate Moieties 
The 2'-hydroxyl substituent distinguishes RNA from DNA, and also provides 
additional opportunities for hydrogen-bonding interactions, i.e. sugar edge, WC edge 
and Hoogsteen edge base pairing, thus increasing the structural and functional 
complexity of RNA.108,109 In this thesis research, we compare the protonated DNA vs. 
RNA nucleosides and mononucleotides to probe the effects of the 2'-hydroxyl 
substituent of the structures and glycosidic bond stabilities. Interesting characterizations 
of the nucleobase, nucleosides and mononucleotides have been introduced in Section 
1.1. By comprehensively studying all four pairs of canonical DNA and RNA nucleosides, 
and two modified nucleosides, we are able to probe the effects of the nucleobase 
identities on the gas-phase conformations and glycosidic bond stabilities. Comparison 
between the stable gas-phase conformations of nucleosides vs. mononucleotides 
allows the effects of the phosphate moiety on structure to be probed. 
14 
Adenine, Ade Guanine, Gua 
Purine Nucleobases 
Cytosine, Cyt Thymine, Thy Uracil, Ura 
Pyrimidine Nucleobases 
Figure 1.1. Chemical structures of the naturally occuring nucleobases. The 
numbering of the nucleobases is also indicated. 
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Figure 1.3. An example of a DNA chain including the four canonical DNA nucleobases. 
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CHAPTER 2 EXPERIMENTAL AND THEORETICAL METHODS 
2.1 Infrared Multiple Photon Dissociation (IRMPD) Action Spectroscopy 
The stable gas-phase conformations of the protonated forms of five pairs of DNA 
and RNA nucleosides and four pairs of DNA and RNA mononucleotides were examined 
by IRMPD action spectroscopy experiments using a Fourier transform ion cyclotron 
resonance mass spectrometer (FT-ICR MS) coupled to a free electron laser (FEL) or an 
optical parametric oscillator/amplifier (OPO/OPA) laser. The experimental setup, the FT-
ICR MS coupled to the FEL or OPO is illustrated by the schematic diagram shown in 
Figure 2.1. The workflow for the IRMPD action spectroscopy experiments is illustrated 
in Figure 2.2. 
2.1.1 Experimental Procedures 
IRMPD action spectra of the protonated forms of DNA and RNA nucleosides and 
mononucleotides were measured using a 4.7 T FT-ICR MS, which has been described 
in detail elsewhere.110112 Photodissociation is induced by the widely-tunable free 
electron laser for infrared experiments (FELIX)113 over the IR fingerprint region, and an 
OPO/OPA laser system over the hydrogen-stretching region. The nucleosides and 
mononucleotides were purchased from Sigma-Aldrich.  A 0.51.0 mM solution of the 
relevant nucleoside or mononucleotide and 510 mM acetic or hydrochloric acid were 
prepared in 50%:50% MeOH/H2O. The solutions were delivered to a Micromass "Z-
spray" electrospray ionization (ESI) source at a flow rate between 2.5 and 8.5 μL/min.  
Ions emanating from the spray were accumulated in an rf hexapole ion trap for several 
seconds to ensure efficient thermalization of the ions prior to pulsed extraction through 
a quadrupole deflector.  The ions were transferred into the FT-ICR MS via a 1-m long rf 
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octopole ion guide.  Ion capturing was achieved by electrostatic switching of the dc bias 
of the octopole, which avoids collisional heating of the ions.111 The ions were stored in 
the ICR cell for ~300 ms to ensure a room temperature distribution by radiative emission.  
Typically, FELIX produces high-energy (50100 mJ) macropulses of trains of 1-ns-
spaced micropulses for a duration of about 510 μs.  The protonated nucleosides or 
mononucleotides were isolated using stored waveform inverse Fourier transform 
(SWIFT) techniques and irradiated for 2.5 to 3 s corresponding to interaction with 12 to 
15 macropulses, respectively, from the FEL to induce IR photodissociation over the 
wavelength range between ~18.0 μm (~550 cm-1)  and ~5.2 μm (~1920 cm-1).  In 
addition, a benchtop OPO/OPA laser system (LaserVision, Bellevue, WA) that 
generates radiation in the hydrogen stretching region, at pulse energies of up to 17 mJ 
per pulse of 6 ns duration at 10 Hz for 48 s, corresponding to interaction with 4080 
pulses over the wavelength range from ~3.6 μm (~2800 cm-1) to ~2.6 μm (~3800 cm-1) 
was also used to provide complementary spectral information. 
For all the protonated nucleosides and mononucleotides examined in this thesis 
research, the IRMPD spectra were generated by plotting the IRMPD yield as a function 
of wavelength. An IRMPD yield was determined from the precursor ion intensity (IP) and 
the fragment ion intensities (Ifi) after laser irradiation at each frequency as shown in 
Equation 2.1. 
IRMPD yield = ∑ Ifi
i
(Ip + ∑ fi
i
)⁄                                                                         (2.1) 
The IRMPD yield was normalized linearly with laser power to correct for changes in the 
laser power as a function of photon energy. 
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2.1.2 IRMPD Mechanisms and Spectral Analysis 
Tens to hundreds of photons are typically required to dissociate an ion via IR 
radiation. IRMPD processes are mediated by intramolecular vibrational redistribution 
(IVR). After the first photon is absorbed, the energy is statistically redistributed over all 
vibrational degrees of freedom, facilitated by vibrational couplings, such that a 
subsequent photon can be absorbed. This process repeats itself until the energy stored 
in the bath of vibrational background states of the ions reaches its dissociation 
threshold.114,115 Comparison between experimental and calculated spectra has proven 
to be a potent and robust method for characterizing the gas-phase conformations of 
ionic species.116 Because multiple photons are involved in IRMPD fragmentation 
processes, and vibrational modes exhibit varying degrees of anharmonicity, the 
measured IRMPD and linear IR spectra are not identical. However, discrepancies in the 
vibrational frequencies and relative intensities of the linear vs nonlinear IR spectra are 
generally sufficiently limited that the IRMPD spectrum provides a good a reflection of 
the IR absorption spectrum.117 Therefore, comparison between the measured IRMPD 
and computed IR spectra allows the stable gas-phase conformers populated in the 
experiments to be determined. In turn, the computed IR spectra enable the vibrational 
modes of the IRMPD spectra to be assigned. 
2.2 Guided Ion Beam Tandem Mass Spectrometry (GIBMS) 
Dissociation mechanisms and energetics associated with N-glycosidic bond 
cleavage were examined by energy-resolved collision-induced dissociation (CID) 
experiments using GIBMS techniques. The systems investigated include 10 protonated 
nucleosides, as they are the smallest nucleic acid building blocks that contain a 
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glycosidic bond. All eight canonical DNA and RNA nucleosides as well as two modified 
nucleosides are examined and form the basis for understanding structural and energetic 
consequences of nucleobase identity and modifications on glycosidic bond stability of 
DNA vs. RNA. The stable gas-phase conformations of these systems populated by ESI 
as elucidated from the complementary IRMPD action spectroscopy experiments are 
assumed to be the stable reactants for the CID experiments. A schematic diagram of 
the GIBMS setup is shown in Figure 2.3.118 The GIBMS is comprised of six regions: (1) 
ESI sourcerf ion funnelhexapole ion guide interface, (2) the first differentially pumped 
chamber, (3) the second differentially pumped chamber, (4) the magnetic sector flight 
tube and third differentially pumped chamber, (5) the reaction chamber, and (6) the 
detector chamber. Except for region (1) that is pumped by a roots blower, all the other 
regions are pumped by diffusion pumps with integral water baffles. A much more 
detailed description of this instrument can be found elsewhere.119,120 The workflow for 
CID experiments using GIBMS is illustrated in Figure 2.4. 
2.2.1 Experimental Procedures 
Cross sections for CID of all 10 protonated nucleosides with Xe are measured 
using a custom-built GIBMS that has been described in detail previously.118 The 
protonated nucleoside ions are generated using a home-built ESI source.121,122 Droplets 
emanating from the 35 gauge SS ESI needle are introduced into the vacuum region 
through capillary tubing, biased at 2050 V, and heated to 105125 °C. Ions are 
focused by an rf ion funnel123,124 that allows efficient transfer of ions from the high 
pressure source region to the low pressure region of the mass spectrometer. A DC 
voltage is applied to the first and last plates of the ion funnel with a resistor chain 
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connecting all intervening plates to create a linear DC gradient across the ion funnel. 
Adjacent electrodes receive equal and opposite phases of an rf signal with a peak-to-
peak voltage in the range of 1030 V, and is operated at a frequency in the range of 
0.61.2 MHz. The oscillating field on the plates focuses ions radially to the center of the 
ion funnel. Ions emanating from the ion funnel are well thermalized in the hexapole ion 
guide by collisions with the background gases. The ions are effusively sampled from the 
ESI source region, focused, accelerated, and focused into a magnetic sector 
momentum analyzer for mass analysis. Mass-selected ions are decelerated to a desired 
kinetic energy and focused into an octopole ion guide. The octopole passes through a 
static gas cell containing Xe at low pressure (∼0.05−0.20 mTorr) to ensure that multiple 
ion neutral collisions are improbable. The octopole acts as an efficient trap for ions in 
radial direction.125 Therefore, loss of scattered reactant and product ions in the octopole 
region is almost entirely eliminated. Xe is used as the collision gas because it is heavy 
and polarizable, and therefore leads to more efficient kinetic to internal energy transfer 
in the CID process.126,127 Products and unreacted beam ions drift to the end of the 
octopole, are focused into a quadrupole mass filter for mass analysis, and are 
subsequently detected with a secondary electron scintillation detector and standard 
pulse counting techniques.128 
2.2.2 Data Handling and Thermochemical Analysis 
Ion intensities are converted to absolute cross sections using a Beer’s law 
analysis as described previously.129 Errors in the pressure measurement and 
uncertainties in the length of interaction region lead to ±20% uncertainties in the cross-
section magnitudes. Relative uncertainties are approximately ±5%. Ion kinetic energies 
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in the laboratory frame, Elab, are converted to energies in the center-of-mass frame, ECM, 
using the formula ECM = Elabm/(m+M), where M and m are the masses of the protonated 
nucleoside ions and neutral reactants, respectively. The absolute zero and distribution 
of the ion kinetic energies are determined using an octopole ion guide as a retarding 
potential analyzer as previously described.129 The distribution of ion kinetic energies is 
nearly Gaussian with a full width at half-maximum (fwhm) of 0.20.5 eV (lab) for these 
experiments. The uncertainty in the absolute energy scale is approximately ±0.05 eV 
(lab). Extrapolation of CID cross sections to zero pressure correct for the effects of 
multiple collisions, which can significantly influence the shape of CID cross sections 
even when the pressure of Xe is kept low as multiple energizing collisions can shift the 
“apparent threshold” to lower energies. Therefore, pressure-dependent studies of all 
CID cross sections are performed and results extrapolated to zero pressure of the Xe 
reactant to provide results corresponding to rigorously single collision conditions, and 
data that can be analyzed to provide reliable thermochemistry.130 
The threshold regions of the CID cross sections were modeled using the 
empirical threshold law shown in Equation 2.2. 
σ(E)= σ0 ∑ gi
i
(E + Ei - E0)
n E ⁄                                                           (2.2) 
where σ0 is an energy independent scaling factor, E is the relative translational energy 
of the reactants, E0 is the threshold for reaction of the ground electronic and ro-
vibrational state, and n is an adjustable parameter that describes the efficiency of kinetic 
to internal energy transfer.131 The summation is over the ro-vibrational states of the 
reactant ions, where Ei is the excitation energy of each state, and gi is the population of 
those states ( ∑ g
i
 = 1 ) . Because the protonated nucleosides possess many low-
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frequency vibrational modes, the populations of excited vibrational modes are not 
insignificant even at 298 K. Thus, the internal energy of the protonated nucleoside 
contributes appreciably to the dissociation threshold. The relative reactivity of all ro-
vibrational states of the protonated nucleoside, as reflected by the fitting parameters, σ0 
and n, is assumed to be equivalent. Whether the dissociation of the protonated 
nucleoside occurs within the time scale of the experiments, ~10-4 s, must be taken into 
account in the thermochemical analysis of the CID data. If the lifetime of the activated 
protonated nucleoside ions exceeds this time frame, the apparent thresholds shift to 
higher energies, resulting in a kinetic shift. Therefore, the CID data was analyzed by 
including Rice-Ramsperger-Kassel-Marcus (RRKM) theory into Equation 2.2 as 
described in detail elsewhere.132,133 The statistical model of Equation 2.2 is modified to 
Equation 2.3 to incorporate competition observed for various dissociation pathways.134 
σj(E) = 
nσ0,j
E
∑ g
i
i
∫
kj(E*)
ktot(E*)
E+Ei−E0
0
[1-e-ktot(E*)τ](ΔE)
n-1
d(ΔE)                     (2.3) 
The parameters of Equation 2.3 are generally the same as in Equation 2.2,   is the 
experimental time available for dissociation, and k is the unimolecular dissociation rate 
constant.  ΔE is the energy that remains in translation after the collision between the 
reactants. E* = E + Ei – ΔE is the internal energy of the energized protonated 
nucleoside after the collision with Xe.  The indices j refer to the individual dissociation 
channels and kj is the unimolecular rate constant for channel j.  To ensure appropriate 
treatment of the effects of competition, analyses must include all important dissociation 
pathways such that (Σkj = ktot).  The scaling factors, σ0,j, are ideally the same for all 
product channels.  However, independent scaling was required to reproduce the data 
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with high fidelity.  Inclusion of lifetime and competitive effects in Equations 2.2 and 2.3 
requires sets of ro-vibrational frequencies for the protonated nucleoside and the rate-
limiting transition states (TSs) leading to dissociation, in all cases examined here, this 
corresponds to the N-glycosidic bond cleavage pathways.  For the activated N-
glycosidic bond cleavage processes investigated here, the tight TSs (TTSs) associated 
with these pathways are explicitly modeled theoretically to determine appropriate 
molecular parameters for the thermochemical analysis of the experimental data. Before 
comparison to the experimental data, Equations 2.2 and 2.3 are convoluted with the 
kinetic energy distributions of the reactants, and a nonlinear least-squares analysis of 
the data is performed to determine optimized values for the parameters, σ0, E0 and n. 
The Beyer-Swinehart algorithm is used to evaluate the density of ro-vibrational 
states,135137 and the relative populations, gi, are calculated for a Maxwell-Boltzmann 
distribution at 298 K, the internal temperature of the reactant ions. The errors in the 
measured thresholds are estimated from the range of values determined for the zero-
pressure-extrapolated data sets, variations associated with uncertainties in the 
vibrational frequencies (prescaled by 0.99)138 and estimated by ±10% scaling of all 
frequencies, and the error in the absolute energy scale, ± 0.02 eV (CM). For analyses 
that include the RRKM lifetime analysis, the uncertainties in the measured thresholds 
also include the effects of increasing and decreasing the time assumed available for 
dissociation by a factor of 2. 
For simple CID processes typically associated with noncovalent bond cleavage 
reactions, but which may also apply to covalent bond cleavage reactions when the 
dissociation asymptote lies above all species along the reaction coordinate, the TSs are 
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loose and product-like such that the TS vibrations used are the frequencies 
corresponding to the final dissociation products. The transition frequencies of these 
loose TSs are treated as rotors corresponding to a phase space limit (PSL) model as 
described in detail elsewhere.132 In this thesis research, the N-glycosidic bond cleavage 
reactions observed are activated dissociation processes, such that the protonated 
nucleoside must pass over TTSs to produce the observed dissociation products. 
Previous studies have verified the efficacy in modeling CID reactions that compete 
through loose as well as loose vs tight TSs.139147 A switching (SW) TS model has also 
been developed to analyze reaction pathways that must overcome a fixed TS barrier 
that lies well below the dissociation asymptote.144,148 Competitive analyses of the 
thresholds for the two primary CID pathways involving N-glycosidic bond cleavage are 
performed based on the TSs that control the rates of dissociation,134 as we will see in 
Chapter 4, the dominant N-glycosidic bond cleavage pathway involves a TTS, which 
leads to production of the protonated nucleobase, and generally a SW TS (but in some 
cases, a TTS is more appropriate) for the competing N-glycosidic bond cleavage 
pathway that leads to elimination of the neutral nucleobase. 
2.3 Theoretical Calculations 
Theoretical calculations have been performed to assist both of the experimental 
approaches described in Sections 2.1 and 2.2. The calculations enabled 
characterization of the stable low-energy gas-phase geometries, and predicted the 
relative stabilities of these structures. The calculations also provided important 
molecular parameters needed for analysis of the experimental data, i.e. vibrational 
frequencies and intensities, and rotational constants. Moreover, the theoretical 
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calculations allowed the mechanisms and potential energy surfaces (PESs) for the 
observed N-glycosidic bond cleavage reactions to be mapped out. 
2.3.1 Searches for Stable Gas-Phase Conformations 
Characterization of the stable gas-phase conformations of the protonated forms 
of the 10 nucleosides and eight mononucleotides were carried out involving two major 
theoretical steps: molecular dynamics and high level quantum chemical calculations. 
Candidate structures for each protonated form (i.e. each favorable site of 
protonation) of each nucleoside/mononucleotide were generated by simulated 
annealing using HyperChem software149 with the Amber 2 force field. Structures of 
interest underwent 300 cycles of simulated annealing, where each cycle involved 0.3 ps 
of thermal heating from 0 to 1000 K, the simulation temperature. The resulting 
structures were then allowed to sample conformational space at 1000 K for 0.2 ps, and 
then gradually cooled down to 0 K over a period of 0.3 ps. The resulting structure was 
then optimized to a local minimum. A molecular mechanics calculation was performed 
every 0.001 ps in each cycle, and a snapshot of the lowest energy structure at the end 
of each cycle was saved and used to initiate the subsequent cycle. Typically 2030 
candidate structures for each protonated nucleoside/mononucleotide for each site of 
protonation were chosen for high level quantum chemical calculations. The structures 
were chosen based on the relative stabilities predicted by the simulated annealing 
process and their initial structural features, comprehensively including the various 
combinations of the favorable sites of protonation, sugar puckering (C2'-endo, C2'-exo, 
C3'-endo and C3'-exo), and nucleobase orientation (syn and anti).  
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High level quantum chemical optimizations were performed using the Gaussian 
09 suite of programs with density functional theory (DFT) using the (Becke, three-
parameter, Lee-Yang-Parr) exchange-correlation functional, B3LYP.150 All candidate 
structures were first optimized at the B3LYP/6-31G(d) level of theory to facilitate 
convergence of the geometry optimization. The structures were further optimized using 
the B3LYP functional with the 6-311+G(d,p) basis set to improve the description of the 
hydrogen-bonding interactions that stabilize these protonated systems.  
2.3.2 Frequency Analyses and Single-Point Calculations 
Linear IR spectra based on frequency analyses of the B3LYP/6-311+G(d,p) 
optimized structures were computed at the same level of theory. Vibrational frequencies 
calculated at the B3LYP/6-311+G(d,p) level of theory are scaled by a factor of 
0.981.07 over the IR fingerprint region, and by a factor of 0.9540.958 over the 
hydrogen stretching region.151,152 Before comparison to the experimental IRMPD 
spectra, the calculated vibrational frequencies were broadened using 20 and 15 cm-1 
fwhm Gaussian line shapes over the IR fingerprint and hydrogen stretching regions, 
respectively. 
The relative stabilities of the low-energy conformers were determined from 
single-point calculations using the B3LYP and second order of the Møller-Plesset 
perturbation theory, MP2(full), levels of theory with the 6-311+G(2d,2p) basis set. 
Relative enthalpies and Gibbs free energies of the low-energy conformers at 298 K 
were determined by adding zero-point energy (ZPE) and thermal corrections calculated 
at the B3LYP/6-311+G(d,p) level of theory to the single-point energies. 
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2.3.3 Searches for Potential Energy Surfaces (PESs) 
The Gaussian 09 suite of programs was used to map the detailed mechanisms 
and provide energetics for the N-glycosidic bond cleavage reactions observed upon CID 
of the protonated nucleosides. The most stable low-energy conformers populated by 
ESI determined from the IRMPD spectroscopy experiments and theoretical calculations 
were used as reactant structures for relaxed potential energy scans, which were 
performed at the B3LYP/6-31G(d) level of theory, to facilitate generation of good initial 
guesses for the transition state (TS) structures associated with the N-glycosidic bond 
cleavage reactions observed upon CID. TS calculations using the TS, QST2 and QST3 
methods153,154 were performed at B3LYP/6-311+G(d,p) level of theory to obtain 
optimized TS structures. Intrinsic reaction coordinate (IRC) calculations also performed 
at the B3LYP/6-311+G(d,p) level of theory are used to confirm that the optimized 
geometries for the TS properly connect the reactants and the various intermediates (Ints) 
or products along the reaction coordinates for glycosidic bond cleavage. Vibrational 
analyses of the optimized structures along the PESs for N-glycosidic bond cleavage are 
performed at the B3LYP/6-311+G(d,p) level of theory to determine the vibrational 
frequencies and the rotational constants for use in modeling of the CID data. The 
calculated frequencies are scaled by a factor of 0.99.155  
Single point energy calculations are performed at the B3LYP/6-311+G(2d,2p) 
and MP2(full)/6-311+G(2d,2p) levels of theory for all species (reactants, TSs, Ints, and 
products) relevant to the N-glycosidic bond cleavage pathways observed experimentally.  
To obtain accurate energetics, zero point energy (ZPE) corrections are included for all 
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structures, and basis set superposition error (BSSE) corrections156,157 are also included 
for the CID products.  
The isotropic molecular polarizabilities of the neutral CID products (Ade: 13.9 Å, 
Cyt: 11.0 Å, Gua: 14.8 Å, Thy: 12.1 Å, Ura: 10.1 Å) are also needed for the CID data 
analysis and were calculated using the PBE0 hybrid functional158 with the 6-
311+G(2d,2p) basis set for the B3LYP/6-311+G(d,p) optimized geometries. The PBE0 
functional has been found to provide molecular polarizabilities that exhibit very good 
agreement with experimentally determined polarizabilities.159 
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FEL or OPO laser 
4.7 T FT-ICR MS 
ICR cell 
ESI 
Figure 2.1. Schematic diagram of the Fourier transform ion cyclotron resonance 
mass spectrometer (FT-ICR MS) coupled to the FELIX free electron laser (FEL) or 
an optical parametric oscillator (OPO) laser. 
32 
Figure 2.2. The workflow for IRMPD action spectroscopy experiments. 
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Figure 2.3. Schematic diagram of the guided ion beam tandem mass spectrometer 
that is comprised of an ESI source-RF ion funnel-hexapole ion guide/collision cell 
interface, differential focusing stage, ion beam formation stage (momentum 
analyzer, focusing stages 1-3), reaction region (an octopole ion guide passing 
through a Xe gas reaction cell), mass analysis (via a quadrupole mass filter), and 
ion detection. 
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Figure 2.4. The workflow for energy-resolved CID experiments. 
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CHAPTER 3 CHARACTERIZATION OF THE STABLE GAS-PHASE 
CONFORMATIONS OF PROTONATED DNA AND RNA NUCLEOSIDES  
VIA IRMPD ACTION SPECTROSCOPY  
 
Portions of this chapter were reprinted with permission from Wu, R. R.; Yang, B.; 
Berden, G.; Oomens, J.; Rodgers, M. T. J. Phys. Chem. B 2014, 118, 14774. Copyright 
2014 American Chemical Society. Wu, R. R.; Yang, B.; Berden, G.; Oomens, J.; 
Rodgers, M. T. J. Phys. Chem. B 2015, 119, 2795. Copyright 2015 American Chemical 
Society. Wu, R. R.; Yang, B.; Frieler, C. E.; Berden, G.; Oomens, J.; Rodgers, M. T. J. 
Phys. Chem. B 2015, 119, 5773. Copyright 2015 American Chemical Society. Wu, R. R.; 
Yang, B.; Frieler, C. E.; Berden, G.; Oomens, J.; Rodgers, M. T. Phys. Chem. Chem. 
Phys. 2015, 17, 25978. Copyright 2015 Royal Society of Chemistry. Wu, R. R.; Yang, B.; 
Frieler, C. E.; Berden, G.; Oomens, J.; Rodgers, M. T. J. Am. Soc. Mass Spectrom. 
2016, 27, 410. Copyright 2016 American Society for Mass Spectrometry. 
3.1 Introduction and Methods 
Our motivation for and the significance of characterizing the stable gas-phase 
conformations of the protonated DNA and RNA nucleosides is discussed in detail in 
Chapter 1. In this chapter, the stable gas-phase conformations of 10 protonated DNA 
and RNA nucleosides, protonated 2'-deoxyadenosine and adenosine, [dAdo+H]+ and 
[Ado+H]+,160 protonated 2'-deoxycytosine and cytosine, [dCyd+H]+ and [Cyd+H]+,161 
protonated 2'-deoxyguanosine and guanosine, [dGuo+H]+ and [Guo+H]+,162 protonated 
thymidine and 5-methyluridine, [dThd+H]+ and [Thd+H]+,163 and protonated 2'-
deoxyuridine and uridine, [dUrd+H]+ and [Urd+H]+164 are examined by IRMPD action 
spectroscopy and theoretical electronic structure calculations. The measured IRMPD 
action spectra of all 10 protonated nucleosides in both the IR fingerprint and hydrogen-
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stretching regions are compared with the B3LYP/6-311+G(d,p) linear IR spectra 
predicted for the stable low-energy conformations of these protonated nucleosides 
optimized at the same level of theory. Comparisons between the measured IRMPD and 
calculated IR spectra allow the conformations populated by ESI to be determined. 
Details of the experimental and theoretical methods are given in Chapter 2.  
3.2 Results 
3.2.1 Experimental Results 
In the IR fingerprint and hydrogen-stretching regions, the primary 
photodissociation pathway observed for all 10 protonated nucleosides involves 
cleavage of the N-glycosidic bond, producing the protonated nucleobase as the ionic 
product detected. For both [dUrd+H]+ and [dThd+H]+, other minor products are also 
observed when photodissociation is induced by the FEL, namely a very minor product at 
m/z =193, resulting from loss of two H2O molecules from [dUrd+H]
+, and minor products 
at m/z=207 and 81, corresponding to loss of two H2O molecules and loss of neutral 
thymine and two H2O molecules from [dThd+H]
+, respectively. The measurement and 
generation of the IRMPD action spectra is explained in detail in Chapter 2. The 
measured IRMPD spectra of the protonated DNA vs. RNA nucleosides are compared 
over the IR fingerprint region in Figure 3.1, and the hydrogen-stretching region in 
Figure 3.2. The protonated DNA and RNA nucleosides exhibit highly parallel IRMPD 
spectral profiles in both regions.  The effect of the 2'-hydroxyl substituent is primarily 
seen in the relative intensities of the measured bands. For [dAdo+H]+ vs. [Ado+H]+, 
[dCyd+H]+ vs. [Cyd+H]+ and [dGuo+H]+ vs. [Guo+H]+, the protonated RNA nucleosides 
exhibit greater IRMPD yields than their DNA counterparts in the IR fingerprint region 
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above ~1500 cm-1. In contrast, the protonated DNA nucleosides exhibit higher IRMPD 
yields than their RNA analogues in the hydrogen-stretching region above ~3400 cm-1. 
Distinctly, the IRMPD yields of [Urd+H]+ in both spectral regions exceed those of 
[dUrd+H]+. The apparent effect of the 2'-hdyroxyl substituent is insignificant for the 
IRMPD spectra of [dThd+H]+ vs. [Thd+H]+ as the IRMPD profiles and yields in both 
spectral regions are highly parallel. For all 10 protonated nucleosides, the IRMPD 
features measured between ~2800 and 3300 cm-1 exhibit very low yields and extensive 
broadening such that this region is of poor diagnostic quality. Therefore, this region is 
not shown in later figures or discussed further. 
3.2.2 Theoretical Results 
The low-energy conformers of the protonated DNA and RNA nucleosides 
calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) and MP2(full)/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory are displayed in Figures 3.33.12. 
The relative stabilities (free energies at 298 K) are shown in black for B3LYP theory, 
and in red for MP2(full) theory. The protonation site, nucleobase orientation and sugar 
puckering are also indicated in each figure.  
The low-energy conformers of [dAdo+H]+ and [Ado+H]+ shown in Figures 3.3 
and 3.4 indicate that both B3LYP and MP2 levels of theory predict the same ground-
state conformers, N3A, for [dAdo+H]+ and [Ado+H]+, and N3 is predicted as the 
preferred protonation site. N3 protonation induces base flipping, which allows adenine 
to rotate into a syn orientation and form a strong N3H+···O5' hydrogen-bonding 
interaction. Both N3A conformers exhibit C2'-endo sugar puckering. N1 and N7 
protonated conformers of both [dAdo+H]+ and [Ado+H]+ lie much higher in free energy 
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than the N3 protonated conformers. The relative stabilities of the N1 and N7 protonated 
conformers of both [dAdo+H]+ and [Ado+H]+ suggest that N1 protonation prefers an anti 
orientation of the nucleobase with C2'-endo sugar puckering, whereas N7 protonation 
also prefers an anti orientation of the nucleobase but with C3'-endo sugar puckering. 
The low-energy conformers of [dGuo+H]+ and [Guo+H]+ shown in Figures 3.5 
and 3.6 indicate that both the B3LYP and MP2 levels of theory predict the same ground-
state conformers, N7A, for [dGuo+H]+ and [Guo+H]+, and N7 is predicted as the 
preferred protonation site. The N7A conformers exhibit an anti nucleobase orientation, 
stabilized by a weak noncanonical C8H···O5' hydrogen-bonding interaction, and C3'-
endo sugar puckering. The O6 and N3 protonated conformers of both [dGuo+H]+ and 
[Guo+H]+ are found to be much less stable than the N7 protonated conformers. O6 
protonation prefers an anti orientation of the nucleobase with C2'-endo sugar puckering, 
whereas N3 protonation prefers a syn orientation of the nucleobase with C3'-endo sugar 
puckering. 
The low-energy conformers of [dCyd+H]+ and [Cyd+H]+ shown in Figures 3.7 
and 3.8 indicate that the B3LYP and MP2 levels of theory predict different ground-state 
conformers for [dCyd+H]+ and [Cyd+H]+. B3LYP predicts N3, whereas MP2 predicts O2 
as the preferred site of protonation for both [dCyd+H]+ and [Cyd+H]+. The B3LYP and 
MP2 ground-state conformers of both [dCyd+H]+ and [Cyd+H]+ exhibit an anti 
nucleobase orientation and C2'-endo sugar puckering. The B3LYP and MP2 ground-
state conformers of [dCyd+H]+ and [Cyd+H]+ are virtually identical except for the 
location of the excess proton. 
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The low-energy conformers of [dThd+H]+ and [Thd+H]+ shown in Figures 3.9 
and 3.10 indicate that both B3LYP and MP2 predict the same ground-state structures 
for [dThd+H]+ and [Thd+H]+. Protonation of dThd and Thd results in preferential 
stabilization of a minor 2,4-dihydroxy tautomer where thymine is in an anti orientation 
relative to the glycosidic bond, both the 2- and 4-hydroxyl hydrogen atoms are oriented 
toward the adjacent N3 atom, and the sugar exhibits C2'-endo puckering. O2 
protonation is predicted to be slightly more favorable than O4 protonation. 
The low-energy conformers of [dUrd+H]+ shown in Figure 3.11 indicate that the 
B3LYP and MP2 levels of theory predict different ground-state conformers for [dUrd+H]+. 
The 2,4-dihydroxy tautomer of uracil, also in an anti orientation, stabilized by a 
C6H···O5' noncanonical hydrogen-bonding interaction, and with C2'-endo sugar 
puckering is predicted to be the ground-state conformer for [dUrd+H]+ at the MP2 level 
of theory. In contrast, B3LYP suggests that the O4 protonated conformer where the 
nucleobase is in an anti orientation and the sugar exhibits C3'-endo puckering is the 
most stable. As can be seen among the low-energy conformers of [Urd+H]+ shown in 
Figure 3.12, the same ground-state conformer is predicted by B3LYP and MP2 for 
[Urd+H]+. Protonation stabilizes a minor 2,4-dihydroxy tautomer of the uracil moiety, 
which takes on an approximately anti orientation with the 4-hydroxyl hydrogen atom 
directed toward, and the 2-hydroxyl hydrogen atom oriented away from, the adjacent N3 
atom to form a dual O2H···O2'H···O3'H hydrogen-bonding interaction that induces C2'-
endo puckering of the ribose moiety. O4 protonation is predicted to be more favorable 
than O2 protonation for both protonated nucleosides. 
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Comparison of the ground-state conformers of the protonated DNA vs. RNA 
nucleosides suggests that overall the 2'-hydroxyl substituent does not exert a significant 
influence on the structure of the nucleosides except that the orientation of the 3'-
hydroxyl substituent changes to enable formation of a hydrogen-bonding interaction 
between the 2'- and 3'-hydroxyl substituents. The 2'-hydroxyl substituent also appears 
to slightly increase the intrinsic N-glycosidic bond stability as the glycosidic bond 
contracts by ~0.010.02 Å in the protonated RNA nucleosides vs. their DNA analogues. 
A detailed discussion of the theoretical results and descriptions of the other low-energy 
conformers of all 10 protonated nucleosides can be found in References 160164. 
3.3 Discussion 
The measured IRMPD spectrum and the calculated IR spectra of the most stable 
as well as other representative low-energy conformers of each protonated nucleoside 
are compared over the IR fingerprint and hydrogen-stretching regions to demonstrate 
how to elucidate the low-energy conformers populated in the experiments. The 
calculated IR spectra of the populated low-energy conformers allow the vibrational 
modes of the measured IRMPD spectra to be assigned. Comparisons of the calculated 
IR spectra of the other low-energy conformers (shown in Figures 3.33.12) of all 10 
protonated nucleosides to the measured IRMPD spectra are discussed in detail in 
References 160164. 
3.3.1 Elucidation of the Gas-Phase Conformations of [dAdo+H]+ Populated in the 
Experiments  
 
The measured IRMPD and calculated IR spectra of the most stable as well as 
other representative low-energy conformers, N3A, N1A, N3D, N3E, and N7A of 
[dAdo+H]+ are compared in Figure 3.13 over the IR fingerprint and hydrogen-stretching 
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regions. In the fingerprint region, the strong IR feature predicted at ∼1655 cm-1 with a 
shoulder to the red for the N3 protonated conformers, N3A, N3D, and N3E, is shifted to 
slightly lower frequencies as compared to the measured band at ∼1665 cm-1. In contrast, 
the strong IR feature at ∼1680 cm-1 with a shoulder to the red predicted for the N1A 
conformer is shifted to a slightly higher frequency than this measured band. Overall, the 
IR spectra predicted for N3A, N1A, and N3D exhibit good matches to the experimental 
IRMPD spectrum. The change in the orientation of the adenine residue in the N3A 
versus N3D conformers does not significantly affect the calculated band positions in the 
fingerprint region. The moderately strong band measured at ∼1095 cm-1, however, is 
not well-described by the calculated band of the N3E conformer, which is predicted at 
∼1025 cm−1 and may be due to the N3 protonated adenine interacting with the O4' atom 
of the sugar rather than the 5'-hydroxyl oxygen atom. This large shift to lower 
frequencies in the IR feature predicted for N3E versus the observed feature suggests 
that N3E is not present in the experiments. The IR band at ∼1645 cm-1 with a shoulder 
to the red predicted for the N7A conformer is also underestimated by 20 cm-1 relative to 
the observed band at ∼1665 cm-1. In addition, the IR absorptions predicted at ∼1465 
and ∼1295 cm−1 for N7A are not observed in the measured IRMPD spectrum. Therefore, 
the N7A conformer is also not present in the experiments. In the hydrogen-stretching 
region, the calculated bands of N3A, N1A, and N3D match the measured bands above 
∼3300 cm-1 reasonably well. In contrast, there are very large discrepancies between the 
measured and calculated spectra above ∼3300 cm−1 for N3E and N7A, again indicating 
that these two conformers are not contributing to the measured IRMPD spectrum. 
Therefore, both the N3 and N1 protonated conformers, N3A, N1A, and N3D, are 
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populated in the experiments. Parallel analyses performed in Reference 160 indicate 
that the N3B and N3C conformers may also be populated, whereas all other conformers 
computed can be ruled out based on spectroscopic differences.  
3.3.2 Elucidation of the Gas-Phase Conformations of [Ado+H]+ Populated in the 
Experiments  
 
The measured IRMPD and calculated IR spectra of the most stable and several 
representative low-energy conformers, N3A, N3D, N3F, N1A, and N7A of [Ado+H]+ are 
compared in Figure 3.14 over the IR fingerprint and hydrogen-stretching regions. The 
different nucleobase orientations of N3A and N3D are not differentiable in the fingerprint 
region as their IR features are highly similar. N3D and N3F exhibit different orientations 
of the 5'-hydroxymethyl moiety, which produces discernible IR features below ∼1300 
cm−1. In particular, small IR features at ∼985 cm−1 predicted for N3F are not predicted 
for N3D and are not observed in the measured IRMPD spectrum. The frequency of the 
intense band at ∼1655 cm−1 with a shoulder to the red predicted by theory for the N3A, 
N3D, and N3F conformers is underestimated relative to the measured band at ∼1670 
cm−1. In contrast, the calculated IR band at ∼1680 cm−1 of N1A occurs at higher 
frequencies than this measured band, parallel to that found for [dAdo+H]+. Except for 
small shifts relative to the band observed at ∼1670 cm−1, the IR features predicted for 
N3A, N3D, and N1A exhibit good agreement with the measured IRMPD features in the 
fingerprint region. The IR absorption predicted at ∼1645 cm−1 for N7A occurs at much 
lower frequencies than the measured band at ∼1670 cm−1, indicating that N7A is not 
populated in the experiments. In the hydrogen-stretching region above ~3300 cm-1, the 
IR features are well-reproduced by the calculated IR features of N3A. Because of the 
N3H+···O2'H···O3' dual hydrogen-bonding interactions present in N3D and N3F, the 
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weak and moderate IR features measured at ∼3580 and ∼3530 cm-1 are not well-
predicted by the calculated IR features of N3D and N3F. The calculated IR features 
predicted for N1A agree well with the measured IR features in the hydrogen-stretching 
region. Very large differences between experiment and theory are found for N7A, again 
suggesting the absence of this conformer in the experiments. Therefore, both the N3 
and N1 protonated conformers, N3A and N1A, are populated in the experiments. 
Parallel analyses in Reference 160 indicate that the N3C conformer is also populated. 
In summary, the N3 and N1 protonated conformers of [dAdo+H]+ and [Ado+H]+ 
are populated in the experiments. Assignments of the vibrational modes of [dAdo+H]+ 
and [Ado+H]+ based on the IR spectra predicted for the populated N3 and N1 
protonated conformers are summarized in Table 3.1. Further detail regarding the 
comparisons between the measured IRMPD and calculated IR spectra for the other low-
energy conformers of [dAdo+H]+ and [Ado+H]+ can be found in Reference 160. 
3.3.3 Elucidation of the Gas-Phase Conformations of [dGuo+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the most stable as well as 
several representative low-energy conformers, N7A, N7D, O6A, and N3A of [dGuo+H]+ 
are compared in Figure 3.15 over the IR fingerprint and hydrogen-stretching regions. In 
the fingerprint region, the calculated IR spectra of N7A and N7D exhibit good 
agreement with the measured IRMPD spectrum. The change in the nucleobase 
orientation (anti vs syn) and the sugar puckering (C3'-endo vs C2'-endo) do not 
significantly change the dominant calculated IR features. In contrast, the calculated IR 
spectra of O6A and N3A exhibit large discrepancies as compared to the measured 
IRMPD spectrum in the fingerprint region, especially above ∼1500 cm−1, indicating that 
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the site of protonation exerts a significant influence on the IR features in this region. In 
the hydrogen-stretching region, only the calculated IR spectrum of N7A exhibits good 
agreement with the measured IRMPD spectrum, whereas the calculated IR spectra of 
the other three conformers show obvious discrepancies. The calculated band at ∼3545 
cm−1 of N7D is red-shifted relative to the measured band at ∼3565 cm−1, whereas the 
band predicted at ∼3485 cm−1 is blue-shifted relative to the measured band at ∼3460 
cm−1. The calculated band at ∼3580 cm−1 of O6A is blue-shifted relative to the 
measured band at ∼3565 cm−1, whereas the band predicted at ∼3445 cm−1 is red-
shifted relative to the measured band at ∼3460 cm−1. The IR bands at ∼3535 and 
∼3415 cm−1 calculated for N3A are both red-shifted relative to the measured bands at 
∼3565 and ∼3460 cm−1, respectively. Therefore, the ground N7A conformer is 
accessed in the experiments, whereas the N7D conformer with the nucleobase in the 
syn orientation is not. The O6 and N3 protonated conformers are clearly not populated 
in the experiments. Parallel analyses presented in Reference 162 also indicate the 
presence of N7B in the experiments.  
3.3.4 Elucidation of the Gas-Phase Conformations of [Guo+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the most stable as well as 
several other representative low-energy conformers, N7A, N7F, O6A, and N3A of 
[Guo+H]+ are compared in Figure 3.16 over the IR fingerprint and hydrogen-stretching 
regions. In the IR fingerprint region, the calculated IR spectrum of N7A reproduces the 
experimental IRMPD spectrum quite well. Although guanine is rotated into the syn 
orientation with a hydrogen bond between N3 and O5'H in the N7F conformer, the 
calculated IR signatures above ∼1500 cm−1 do not differ appreciably from those of N7A. 
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Below ∼1500 cm−1, the calculated IR features of N7F also exhibit reasonably good 
agreement with the measured IRMPD spectrum. As found for [dGuo+H]+, the IR 
fingerprint region is not as informative for differentiating nucleobase orientation, sugar 
puckering, and the 2'-, 3'-, and 5'-hydroxyl orientations, but is able to deduce the sites of 
protonation. The calculated IR spectra of O6A and N3A, however, exhibit large 
discrepancies as compared to the measured IRMPD spectrum, especially above ∼1500 
cm−1, again indicating that the site of protonation is readily determined based on the IR 
features in this region. Therefore, O6 and N3 protonated conformers are not accessed 
in the experiments. As suggested for [dGuo+H]+, the small IR feature observed at 
∼3535 cm−1 is likely the first overtone of the carbonyl stretch at ∼1770 cm−1. The 
calculated IR spectrum of N7A also exhibits good agreement with the measured IRMPD 
spectrum in the hydrogen-stretching region. The calculated IR bands at ∼3685 cm−1 of 
N7F and O6A are blue-shifted relative to the measured band at ∼3670 cm−1. The IR 
features of N7F predicted at ∼3570 and ∼3545 cm−1 would tend to broaden the IR band 
measured at ∼3560 cm−1 if this conformer were present. Also, the IR features of N7F 
predicted at ∼3460 and ∼3440 cm−1 would lead to broadening of the sharp IR band 
observed at ∼3450 cm−1. The IR band predicted at ∼3575 cm−1 for O6A is blue-shifted 
relative to the measured band at ∼3560 cm−1. The IR bands predicted at ∼3440 cm−1 
for O6A and at ∼3410 cm−1 for N3A are red-shifted relative to the measured band at 
∼3450 cm−1. The calculated IR bands at ∼3600 and ∼3535 cm−1 of N3A are blue-
shifted and red-shifted, respectively, relative to the measured band at ∼3560 cm−1. 
Therefore, among these conformers only the ground-state N7A conformer is accessed 
in the experiments. Parallel analyses presented in Reference 162 indicate that several 
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other excited N7 protonated conformers, N7B, N7C, N7D and N7E may also be 
populated.  
In summary, only the N7 protonated low-energy conformers of [dGuo+H]+ and 
[Guo+H]+ are found to be populated in the experiments. Assignments of the vibrational 
modes of [dGuo+H]+ and [Guo+H]+ based on the IR spectra predicted for these N7 
protonated conformers are summarized in Table 3.2. More detail regarding the 
comparisons between the measured IRMPD and calculated IR spectra for the other low-
energy conformers of [dGuo+H]+ and [Guo+H]+ can be found in Reference 162.  
3.3.5 Elucidation of the Gas-Phase Conformations of [dCyd+H]+ Populated in the 
Experiments  
 
The IRMPD and predicted IR spectra of the most stable as well as other 
representative low-energy conformers of [dCyd+H]+, N3A, O2A, O2C, N3C, O2D, and 
N3D, are compared in Figure 3.17. In the IR fingerprint region, the IR spectra predicted 
for N3A and O2A exhibit good agreement with the experimental spectrum. In particular, 
the IR spectra predicted for the B3LYP ground conformer, N3A, and the MP2 ground 
conformer, O2A, complement each other, indicating that each make unique 
contributions to the measured IRMPD spectrum. The calculated bands at ∼1790, ∼1530, 
and ∼1290 cm−1 for N3A, which are not predicted for O2A, contribute to the measured 
bands at ∼1790, ∼1530, and ∼1280 cm−1. The calculated bands at ∼1555 and ∼1500 
cm−1 for O2A, which are not predicted for N3A, contribute to the measured bands at 
∼1560 and ∼1490 cm−1. The band predicted at ∼1155 cm−1 for O2C is strongly shifted 
to lower frequencies relative to the band observed at ∼1210 cm−1. For both N3C and 
O2D, the 5'-hydroxymethyl moiety is staggered away from the sugar and nucleobase 
and hydrogen-bonded to the 3'-hydroxyl moiety. This unique interaction leads to a 
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predicted band at ∼1050 cm−1 for N3C and O2D, which would broaden the relatively 
sharp band measured at ∼1095 cm−1 if either of these two tautomeric conformations are 
populated by electrospray ionization. The band predicted at ∼960 cm−1 for N3D is not 
seen in the experimental spectrum. Above ~3300 cm-1 in the hydrogen-stretching region, 
the IR features predicted for N3A and O2A agree very well with the observed IRMPD 
features except for the small band observed at ∼3575 cm−1. Both of these conformers 
contribute to the measured bands at ∼3660, ∼3545, and ∼3435 cm−1, whereas only the 
O2A conformer contributes to the minor band that appears at ∼3575 cm−1. However, 
theory overestimates the frequency of this mode by ∼20 cm − 1. The IR spectrum 
predicted for O2C agrees well with the IRMPD spectrum in the hydrogen-stretching 
region, but its presence in the experiments is ruled out based on differences in the 
fingerprint region. Large discrepancies are found between the measured and calculated 
spectra in the hydrogen-stretching region above 3475 cm−1 for N3C and O2D. The band 
at ∼3645 cm−1 for N3D is shifted and broadened as compared to the measured band at 
∼3660 cm−1. The calculated bands at ∼3530 and ∼3420 cm−1 for N3D are also shifted 
to lower frequencies versus the bands observed at ∼3545 and ∼3435 cm−1, respectively. 
Therefore, based on comparison between experiment and theory, both the N3A and 
O2A conformers are populated in the experiments.  
3.3.6 Elucidation of the Gas-Phase Conformations of [Cyd+H]+ Populated in the 
Experiments  
 
The IRMPD and IR spectra predicted of the most stable as well as other 
representative low-energy conformers of [Cyd+H]+, N3A, O2A, N3ii, O2i, O2C, and 
N3D, are compared in Figure 3.18. In the IR fingerprint region above 1400 cm−1, the IR 
spectra determined for the B3LYP ground conformer, N3A, and the MP2 ground 
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conformer, O2A, are highly complementary except for the band predicted at ∼1660 
cm−1, which is predicted for both conformers. The IR band predicted at ∼1800 cm−1 of 
N3A contributes to the IRMPD feature observed at ∼1800 cm−1, which is not predicted 
for O2A. The weak IR feature predicted at ∼1530 cm−1 for N3A is absent for O2A. This 
calculated IR feature of N3A contributes to the shoulder to the red of the band 
measured at ∼1577 cm−1. Two moderately strong IR features predicted at ∼1560 and 
∼1500 cm−1 for O2A, but absent for N3A, contribute to the two IRMPD bands measured 
at ∼1575 and ∼1500 cm−1. The calculated IR features below ∼1400 cm−1 of N3A and 
O2A also agree nicely with the IRMPD spectrum over this region. Therefore, the lowest 
energy N3 and O2 protonated conformers N3A and O2A coexist in the population 
accessed by ESI. The IR band predicted at ∼1765 cm−1 for N3ii is shifted to a lower 
frequency than the band observed at ∼1800 cm−1, which may be due to stabilization of 
the O2 carbonyl group provided by the O3'H···O2'H···O2 bridging hydrogen-bonding 
interaction. The IR features predicted at ∼1515 and ∼1485 cm−1 for O2i would tend to 
broaden the band at ∼1500 cm−1 if O2i was populated in the experiments. The band 
predicted at ∼1410 cm−1 for O2i does not contribute to the measured spectrum. The 
calculated band at ∼1160 cm−1 for O2C would broaden the measured band at ∼1115 
cm−1 if O2C was accessed in the experiments. Therefore, these differences indicate that 
N3ii, O2i, and O2C are not populated in the experiments. The IR spectrum of N3D 
exhibits nice agreement with the IRMPD spectrum in the IR fingerprint region. Both N3A 
and O2A clearly contribute to the IRMPD spectrum in the IR fingerprint region. 
Therefore, the experimental spectrum in the hydrogen-stretching region must also have 
contributions from both N3A and O2A. Theory tends to very slightly overestimate the IR 
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frequencies above ∼3550 cm−1, but the calculated IR features of N3A and O2A 
generally match the observed IR features quite nicely. The calculated band at ∼3620 
cm−1 for N3ii deviates markedly from the band observed at ∼3575 cm−1. The broad 
band computed at ∼3530 cm−1 for O2i would significantly broaden the band observed at 
∼3540 cm−1 if this conformer was populated in the experiments. The IR spectrum 
predicted for O2C shows good agreement with the measured spectrum in the hydrogen-
stretching region, but its presence is eliminated based on the absence of the band 
calculated at ∼1160 cm−1 in the IRMPD spectrum in the fingerprint region. The band 
predicted at ∼3685 cm−1 for N3D is shifted to higher frequency compared to the 
measured band at ∼3665 cm−1, and the band predicted at ∼3640 cm−1 is not observed 
in the experiments. Therefore, among the N3A, O2A, N3ii, O2i, O2C, and N3D 
conformers, only the N3A and O2A conformers are populated by ESI. Parallel analyses 
presented in Reference 161 indicate that N3B and O2B are also present in the 
experiments but most likely in much smaller abundance.  
In summary, the N3 and O2 protonated conformers of [dCyd+H]+ and [Cyd+H]+ 
are found to coexist in the experimental population. Based on the IR spectra predicted 
for these conformers, assignments of the vibrational modes of [dCyd+H]+ and [Cyd+H]+ 
are made and summarized in Table 3.3. More detail regarding the comparisons 
between the measured and calculated IR spectra for the other low-energy conformers of 
[dCyd+H]+ and [Cyd+H]+ can be found in Reference 161.  
3.3.7 Elucidation of the Gas-Phase Conformations of [dThd+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the most stable as well as 
several other representative low-energy conformers, TA, TB, TC, O2A, and O4A of 
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[dThd+H]+ are compared in Figure 3.19 over the IR fingerprint and hydrogen-stretching 
regions. The calculated IR spectra of the T and O2 conformers complement each other 
and exhibit very good agreement with the measured IRMPD spectra. In particular, the 
bands observed at ~1785 and ~3395 cm-1 are contributed only by the O2A conformer, 
whereas the band at ~3580 cm-1 and its shoulder to the red at ~3565 cm-1 are 
contributed only by the T conformers. All other bands comprise contributions from both 
the T and O2 conformers. The calculated band at ~1565 cm-1 of the TC conformer may 
contribute to the broadening between the bands measured at ~1605 and ~1520 cm-1. In 
contrast, the calculated IR spectrum of O4A exhibits obvious discrepancies with the 
measured spectrum. In particular, the strikingly strong band predicted at ~1575 cm-1 for 
O4A would be expected to broaden the bands observed at ~1605 and ~1520 cm-1 if 
O4A was populated in measurable abundance. The bands predicted at ~3605 cm-1 and 
~1290 cm-1 for O4A are not observed in the measured spectrum. Also the band 
calculated at ~1630 cm-1 for O4A is shifted to a lower frequency relative to the 
measured band at ~1650 cm-1. Therefore, it can be concluded that O4 protonated 
conformers are not populated by ESI, whereas the 2,4-dihydroxy and the O2 protonated 
tautomeric conformers coexist in the population and contribute to the measured IRMPD 
spectrum.  
3.3.8 Elucidation of the Gas-Phase Conformations of [Thd+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the low-energy 
conformers, TA, TC, TB, O2A, and O4A of [Thd+H]+ are compared in Figure 3.20 over 
the IR fingerprint and hydrogen-stretching regions. Similar to [dThd+H]+, the calculated 
IR spectra of these T and O2 conformers complement each other and exhibit very good 
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agreement with the measured IRMPD spectrum. In particular, the calculated IR bands 
of the ground-state conformer, TA, best reproduce the measured IR bands in the 
regions of ~1400–1700 cm-1 and ~1000–1300 cm-1. The calculated bands at ~3580 cm-1 
for TA and TB and the calculated band at ~3560 cm-1 for TC may contribute to the band 
observed at ~3580 cm-1 and its strong shoulder to the red at ~3560 cm-1, respectively. 
In contrast, the bands observed at ~1785 and ~3395 cm-1 can only be attributed to the 
presence of the O2A conformer. The calculated band at ~1565 cm-1 for TC may 
contribute to the broadening between the measured bands at ~1595 and ~1520 cm-1. In 
contrast, the calculated spectrum of O4A exhibits several significant differences from 
the measured spectrum. In particular, the bands predicted at ~3600 and ~1800 cm-1 are 
shifted to higher frequencies relative to the measured bands at ~3580 and ~1775 cm-1, 
respectively. The band predicted at ~1630 cm-1 is shifted to a lower frequency than the 
measured band at ~1650 cm-1. The bands predicted at ~1570, ~1275, ~1040, and ~990 
cm-1 are more intense than expected based on the respective measured bands. 
Therefore, O4A is not populated by ESI. The experimental IRMPD and theoretical IR 
spectra of the low-energy conformers, Ti, Tii, O2i, and Tiii of [Thd+H]+ that may also be 
populated by ESI are compared in Figure 3.21. In particular, the weak band observed 
at ~3610 cm-1 is contributed by Tii, and the weak band measured at ~3510 cm-1 is 
contributed by Ti and O2i. The bands observed at ~1785 and ~3395 cm-1 are also 
contributed by O2i. The calculated IR spectra of Tii and Tiii are highly parallel to those 
of TA and TB, respectively, indicating that the changes in the orientations of the sugar 
hydroxyls do not exert a significant impact on the spectral features. Similar to [dThd+H]+, 
the O4 protonated conformers of [Thd+H]+ are not populated in the experiments. In 
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contrast, a larger variety of 2,4-dihydroxy and O2 protonated tautomeric conformations 
of [Thd+H]+ are found to be present in the population and contribute to the measured 
IRMPD spectrum.  
In summary, a variety of the T and O2 conformers of [dThd+H]+ and [Thd+H]+ are 
found to be populated in the experiments, whereas the O4 conformers are clearly 
absent. Assignments of the vibrational modes of [dThd+H]+ and [Thd+H]+ based on the 
IR features predicted for the T and O2 conformers are summarized in Table 3.4. More 
detail regarding the comparisons between the measured and calculated IR spectra for 
the other low-energy conformers of [dThd+H]+ and [Thd+H]+ can be found in Reference 
163. 
3.3.9 Elucidation of Gas-Phase Conformations of [dUrd+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the low-energy 
conformers, O4A, O4B, TA, TB, TC, and TD of [dUrd+H]+ are compared in Figure 3.22 
over the IR fingerprint and hydrogen-stretching regions. The calculated IR spectra of the 
2,4-dihydroxy and O4 protonated conformers are complementary to each other and 
exhibit very good agreement with the measured spectrum. The bands observed at 
~1800 and ~3610 cm-1, which are not predicted for the 2,4-dihydroxy tautomers, are 
contributed by the O4A and O4B conformers. The weak IR feature observed at ~3395 
cm-1 is difficult to identify due to the low S/N in that region. However, because the 
presence of O4A and O4B are indicated, and a moderate IR feature is predicted for 
both conformers at ~3395 cm-1, it can be assumed that there is indeed an IR feature at 
this frequency. Therefore, these six low-energy conformers are all populated in the 
experiments. More detail regarding the comparisons between the measured and 
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calculated IR spectra for the other low-energy conformers of [dUrd+H]+ can be found in 
Reference 164.  
3.3.10 Elucidation of Gas-Phase Conformations of [Urd+H]+ Populated in the 
Experiments  
 
The experimental IRMPD and theoretical IR spectra of the low-energy 
conformers, Ti, TA, TC, O4A, O4B, O4ii, and TD of [Urd+H]+ are compared in Figure 
3.23 over the IR fingerprint and hydrogen-stretching regions. Similar to [dUrd+H]+, the 
calculated IR spectra of the T and O4 conformers are complementary to each other and 
exhibit very good agreement with the measured IRMPD spectrum. The measured band 
at ~1800 cm-1, which is not predicted for the 2,4-dihydroxy tautomers, arises from the 
O4 protonated conformers. The measured bands at ~3615 and ~3395 cm-1 are also 
contributed by the O4 protonated conformers. The calculated spectra of the ground-
state Ti conformer, which possesses coupled O2H···O2'H···O3' hydrogen-bonding 
interactions, exhibits reasonable agreement with the measured spectrum in the IR 
fingerprint region except that the calculated band at ~1480 cm-1 is shifted to a lower 
frequency than the measured band at ~1505 cm-1. However, the calculated spectral 
features between ~1000 to ~1300 cm-1 of Ti better reproduce the measured spectrum 
than those of the other 2,4-dihydroxy tautomers. In addition, the weak band observed at 
~3510 cm-1, which is not predicted for the other conformers, is contributed by Ti, thus 
establishing its presence in the experimental population. Therefore, these seven 
conformers may be populated in the experiments. However, the computed relative 
stability of TD suggests that its population should be immeasurably small.  
In summary, a variety of the T and O4 conformers of [dUrd+H]+ and [Urd+H]+ are 
found to be populated in the experiments. Further details regarding the comparisons 
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between the measured and calculated IR spectra for the low-energy conformers of 
[dUrd+H]+ and [Urd+H]+ can be found in Reference 164. In particular, comparisons 
between the measured IRMPD and calculated IR spectra of the O2 protonated 
conformers of [dUrd+H]+ can be found in Figure S8 in the Supporting Information of 
Reference 164. Those comparisons clearly suggest the absence of the O2 protonated 
conformers in the experiments. Similarly, comparisons between the measured IRMPD 
and calculated IR spectra of the O2 protonated conformers of [Urd+H]+ can be found in 
Figures S5 and S6 in the Supporting Information of Reference 164. Those comparisons 
again clearly suggest the absence of the O2 protonated conformers in the experiments. 
Therefore, assignments of the vibrational modes of [dUrd+H]+ and [Urd+H]+ are made 
based on the IR features predicted for the T and O4 conformers. The assignments are 
summarized in Table 3.5. 
3.4 Conclusions 
The low-energy conformations of protonated DNA and RNA nucleosides 
populated by ESI have been elucidated via comparisons between the measured IRMPD 
and calculated IR spectra. For the four protonated purine nucleosides, the only low-
energy conformers populated by ESI are those protonated at the preferred site, namely 
the N3 and N7 protonated conformers, respectively. In particular, N3 protonation of the 
adenine nucleosides induces base rotating to a syn nucleobase orientation, which is 
stabilized by a strong N3H+···O5 hydrogen-bonding interaction, whereas N7 protonated 
guanine still exhibits an anti nucleobase orientation in [dGuo+H]+ and [Guo+H]+. In 
contrast, for the protonated pyrimidine nucleosides, a larger variety of low-energy 
conformers must coexist in the population to reproduce the measured IRMPD spectra. 
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In particular, both N3 and O2 protonated low-energy conformers of [dCyd+H]+ and 
[Cyd+H]+ are populated by ESI. For [dThd+H]+ and [Thd+H]+, a variety of 2,4-dihydroxy 
tautomers and the O2 protonated conformers are populated by ESI. Similarly for 
[dUrd+H]+ and [Urd+H]+, a number of 2,4-dihydroxy tautomers are found to contribute to 
the population. However, the O2 protonated conformers are absent, whereas the O4 
protonated conformers are populated by ESI. Therefore, the 5-methyl substituent clearly 
alters the protonation preferences of [dThd+H]+ and [Thd+H]+ vs. those of [dUrd+H]+ 
and [Urd+H]+. Overall, the IRMPD action spectroscopy and theoretical studies of the 
protonated forms of the DNA and RNA nucleosides presented in this chapter have 
enabled the preferred sites of protonation or state(s) of tautomerization and the 
conformations populated by ESI to be established. In general, the measured IRMPD 
spectra can be robustly reproduced and interpreted by the calculated IR spectra of the 
conformers populated by ESI. These series of studies clearly establish IRMPD action 
spectroscopy as a powerful tool for characterizing intrinsic structural properties of the 
fundamental building blocks of nucleic acids. 
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Table 3.1 Vibrational Assignments for [dAdo+H]+ and [Ado+H]+ Based on the 
Vibrational Modes Predicted for the N3 and N1 Protonated Conformers of [dAdo+H]+ 
and [Ado+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[dAdo+H]+ [Ado+H]+ 
sugar ring stretching 1095 1097 
sugar hydrogen bending  1207 1211 
nucleobase ring stretching 1610 1615 
NH2 scissoring 1664 1672 
NH2 symmetric stretching 3425 3420 
NH2 asymmetric stretching 3530 3525 
O2'H stretching - 3575 
O3'H and O5'H stretching 3660 3665 
aAll frequencies and vibrational assignments taken from Reference 160. 
 
 
Table 3.2 Vibrational Assignments for [dGuo+H]+ and [Guo+H]+ Based on the 
Vibrational Modes Predicted for the N7 Protonated Conformers of [dGuo+H]+ and 
[Guo+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[dGuo+H]+ [Guo+H]+ 
 sugar ring stretching  1121 1121 
N7H in-plane and sugar hydrogen bending  1242 1246 
C2'H2 scissoring 1471 1471 
nucleobase ring stretching 1582 1582 
NH2 scissoring 1640 1636 
C=O stretching 1772 1775 
N1H stretching 3419 3412 
NH2 symmetric and N1H stretching 3455 3452 
overtone of C=O stretching  3534 3531 
NH2 asymmetric and O2'H ([Guo+H]
+) stretching 3565 3559 
O3'H and O5'H stretching 3665 3664 
aAll frequencies and vibrational assignments taken from Reference 162. 
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Table 3.3 Vibrational Assignments for [dCyd+H]+ and [Cyd+H]+ Based on the 
Vibrational Modes Predicted for the N3 and O2 Protonated Conformers of [dCyd+H]+ 
and [Cyd+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[dCyd+H]+ [Cyd+H]+ 
 sugar ring stretching  1100 1115 
sugar hydrogen bending  1210 1216 
nucleobase hydrogen bending 1278, 1492 1286, 1506 
nucleobase ring stretching 1535, 1565, 1617 1555, 1577, 1631 
NH2 scissoring 1653 1663 
C=O stretching 1788 1797 
N3H stretching 3404 3402 
NH2 symmetric  3436 3437 
NH2 asymmetric stretching 3544 3533 
O2H and O2'H ([Cyd+H]+) stretching 3574 3568 
O3'H and O5'H stretching 3659 3660 
aAll frequencies and vibrational assignments taken from Reference 161. 
 
 
Table 3.4 Vibrational Assignments for [dThd+H]+ and [Thd+H]+ Based on the Vibrational 
Modes Predicted for the T and O2 Protonated Conformers of [dThd+H]+ and [Thd+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[dThd+H]+ [Thd+H]+ 
 sugar ring stretching  1097 1160 
O2H and O4H bending  1209 1209 
sugar hydrogen bending  1370 1380 
C2OH and C4OH stretching 1488, 1517 1483, 1517 
nucleobase ring stretching 1603, 1643 1590, 1642 
C=O stretching 1777 1775 
N3H stretching 3392 3397 
O2'H stretching of Ti and O2i - 3508 
O2H and O4H stretching 3564, 3579 3558, 3579 
uncoupled O3'H stretching - 3609 
O3'H (or O2'H) and O5'H stretching 3659 3665 
aAll frequencies and vibrational assignments taken from Reference 163. 
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Table 3.5 Vibrational Assignments for [dUrd+H]+ and [Urd+H]+ Based on the Vibrational 
Modes Predicted for the T and O4 Protonated Conformers of [dUrd+H]+ and [Urd+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[dUrd+H]+ [Urd+H]+ 
 sugar ring stretching  1097 1115 
O2H and O4H bending  1202 1209 
nucleobase ring stretching 1502, 1639 1504, 1649 
nucleobase ring and O4H stretching 1593 1596 
C=O stretching 1801 1807 
N3H stretching 3392 3392 
O2'H stretching of Ti  - 3508 
O2H and O4H stretching 3574 3563 
O4H stretching 3604 3614 
O3'H (or O2'H) and O5'H stretching 3665 3665 
aAll frequencies and vibrational assignments taken from Reference 164. 
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Figure 3.1. The measured IRMPD spectra of protonated DNA and RNA nucleosides 
over the IR fingerprint region. 
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Figure 3.2. The measured IRMPD spectra of protonated DNA and RNA nucleosides 
over the hydrogen-stretching region. 
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Figure 3.3. Low-energy conformers predicted for [dAdo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.4. Low-energy conformers predicted for [Ado+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.5. Low-energy conformers predicted for [dGuo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.6. Low-energy conformers predicted for [Guo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.7. Low-energy conformers predicted for [dCyd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.8. Low-energy conformers predicted for [Cyd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.9. Low-energy conformers predicted for [dThd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.10. Low-energy conformers predicted for [Thd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.11. Low-energy conformers predicted for [dUrd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.12. Low-energy conformers predicted for [Urd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 3.13. Comparison of the measured IRMPD action spectrom of [dAdo+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [dAdo+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.14. Comparison of the measured IRMPD action spectrom of [Ado+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [Ado+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.15. Comparison of the measured IRMPD action spectrom of [dGuo+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [dGuo+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.16. Comparison of the measured IRMPD action spectrom of [Guo+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [Guo+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.17. Comparison of the measured IRMPD action spectrom of [dCyd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [dCyd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
Y
ie
ld
0.0
0.4
0.8
1.2
1.6
2.0
R
e
la
ti
v
e
 I
n
te
n
s
it
y
 (
k
m
/m
o
l)
0
300
600
900
0
300
600
900
0
300
600
900
[Cyd+H]
+
 IRMPD
N3A
anti, C2'-endo
O2A
anti, C2'-endo
N3ii
anti, C2'-endo
0
300
600
900 O2i
anti, C2'-endo
0
300
600
900 O2C
syn, C2'-endo
Frequency (cm
-1
)
600 800 1000 1200 1400 1600 1800 3400 3600
0
300
600
900 N3D
syn, C2'-endo
0.0 kJ/mol
4.6 kJ/mol
1.9 kJ/mol
0.0 kJ/mol
4.0 kJ/mol
6.9 kJ/mol
5.8 kJ/mol
4.3 kJ/mol
7.4 kJ/mol
4.7 kJ/mol
16.7 kJ/mol
22.4 kJ/mol
76 
Figure 3.18. Comparison of the measured IRMPD action spectrom of [Cyd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [Cyd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.19. Comparison of the measured IRMPD action spectrom of [dThd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [dThd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.20. Comparison of the measured IRMPD action spectrom of [Thd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [Thd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.21. Comparison of the measured IRMPD action spectrom of [Thd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the other important low-energy 
conformers of [Thd+H]+ and their B3LYP/6-311+G(d,p) optimized structures. The 
B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free energies at 298 K 
are shown in black and red, respectively. The site of protonation, nucleobase 
orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.22. Comparison of the measured IRMPD action spectrom of [dUrd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [dUrd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 3.23. Comparison of the measured IRMPD action spectrom of [Urd+H]+ with 
the B3LYP/6-311+G(d,p) linear IR spectra for the ground-state and representative 
low-energy conformers of [Urd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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CHAPTER 4 MECHANISMS AND ENERGETICS FOR N-GLYCOSIDIC BOND 
CLEAVAGE OF PROTONATED DNA AND RNA NUCLEOSIDES VIA GIBMS 
 
Portions of this chapter were reprinted with permission from Wu, R. R.; Chen, Y.; 
Rodgers, M. T. Phys. Chem. Chem. Phys. 2016, 18, 2968. Copyright 2016 Royal 
Society of Chemistry.  
4.1 Introduction and Methods 
Nucleosides are the smallest biological units that contain an N-glycosidic bond. 
The stable gas-phase conformations of the protonated DNA and RNA nucleosides 
populated by electrospray ionization (ESI) are determined by IRMPD spectroscopy and 
theoretical calculations, and discussed in detail in Chapter 3. The stable gas-phase 
conformations determined therein are thus the structures of the reactant species to be 
investigated via energy-resolved collision-induced dissociation (CID) techniques. The 
reasons for and the significance of investigating the stability of the N-glycosidic bonds of 
the protonated DNA and RNA nucleosides, their dissociation mechanisms, and the 
associated quantitative energetics are discussed in detail in Chapter 1. In this chapter, 
the N-glycosidic bond cleavage reactions of 10 protonated DNA and RNA nucleosides 
(including the four pairs of canonical nucleosides, and two modified nucleosides, 2'-
deoxyuridine and 5-methyluridne): protonated 2'-deoxyadenosine and adenosine, 
[dAdo+H]+ and [Ado+H]+,165 protonated 2'-deoxycytidine and cytidine, [dCyd+H]+ and 
[Cyd+H]+,166 protonated 2'-deoxyguanosine and guanosine, [dGuo+H]+ and [Guo+H]+,167 
protonated thymidine and 5-methyluridine, [dThd+H]+ and [Thd+H]+,168 and protonated 
2'-deoxyuridine and uridine, [dUrd+H]+ and [Urd+H]+169 are examined by energy-
resolved CID experiments using a custom-built guided ion beam tandem mass 
spectrometer (GIBMS) instrument, and theoretical electronic structure calculations. In 
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particular, comprehensively studying these 10 protonated DNA and RNA nucleosides 
allows the effects of the nucleobase identities, 2'-hydroxyl substituent, and 5-
methylation and 2'-deoxy modifications on the dissociation mechanisms and energetics 
to be determined. The theoretical electronic structure calculations provide detailed 
information of the potential energy surfaces (PESs) for N-glycosidic bond cleavage and 
the molecular parameters needed for analyses of the experimental data. The threshold 
collision-induced dissociation (TCID) technique provides accurate quantitative 
determination of the activation energies (AEs) and reaction enthalpies (ΔHrxns) for N-
glycosidic bond cleavage. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) 
levels of theory are employed to determine the relative energies along the PESs and to 
provide theoretical estimates for comparison to the measured threshold energies. The 
agreement between theoretical and experimental results also enables the ability of 
these two levels of theory for describing the mechanism and energetics for N-glycosidic 
bond cleavage to be evaluated. Details of the experimental and theoretical procedures 
for examining N-glycosidic bond cleavage of the protonated DNA and RNA nucleosides 
are provided in Chapter 2.  
4.2 Results 
4.2.1 Experimental Results 
Experimental cross sections for CID of 10 protonated nucleosides, [Nuo+H]+, with 
Xe are measured as a function of collision energy and are shown in Figures 4.14.5 
(Data taken from References 165169). In all cases, the primary and the lowest energy 
dissociation pathway corresponds to N-glycosidic bond cleavage resulting in 
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endothermic loss of the protonated nucleobase, [B+H]+, in the CID reactions 
represented by Equation 4.1. 
[Nuo+H]+ + Xe → [B+H]+ + [Nuo-B] + Xe                                               (4.1) 
Glycosidic bond cleavage resulting in loss of the neutral nucleobase, B, is also 
observed in competition with elimination of the protonated nucleobase, [B+H]+, as the 
next most favorable dissociation pathway in the CID reactions represented by Equation 
4.2. 
[Nuo+H]+ + Xe → [Nuo-B+H]+ + B + Xe                                                 (4.2) 
Therefore, the excess proton is competitively retained either on the nucleobase or the 
sugar moieties, suggesting that an important transition state (TS) or intermediate (Int) 
along the dissociation coordinate might be that of a proton-bound dimer of the 
nucleobase and sugar moieties. As can be seen in Figures 4.14.5, the apparent 
thresholds for N-glycosidic bond cleavage shift to higher energies from the protonated 
DNA nucleosides to their RNA analogues, suggesting that the 2'-hydroxyl substituent 
increases the stability of N-glycosidic bond. The apparent thresholds for the two primary 
dissociation pathways of [Ado+H]+, see Figure 4.1, indicate that the competition 
between these two dissociation pathways is much greater than for [dAdo+H]+. In 
contrast, the other pairs of protonated DNA and RNA nucleosides, see Figures 4.24.5, 
indicate that the competition between the two primary dissociation pathways is greater 
for the protonated DNA nucleosides than for their RNA analogues. This distinct CID 
behavior exhibited by [Ado+H]+ among all of the protonated nucleosides examined here 
suggests that [Ado+H]+ may undergo N-glycosidic bond dissociation via a mechanism 
different than the other protonated nucleosides. 
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At elevated energies, sequential fragmentation of the protonated sugar moieties 
of Reaction 4.2 is also observed. These sequential ionic products are indicated using 
smaller red symbols in Figures 4.14.5. The proposed chemical compositions of these 
fragments are summarized in the Supporting Information in References 165169. These 
sequential fragments are not of specific interest, and thus these pathways will not be 
discussed further.  However, to facilitate accurate threshold analysis, when analyzing 
the pathways leading to the elimination of the neutral nucleobase (Reaction 4.2), the 
cross sections of the sequential fragment ions are added to the cross section for loss of 
the neutral nucleobase, [Nuo-B+H]+, to properly describe the energy dependence for 
this pathway in the absence of sequential dissociation. 
4.2.2 Theoretical Results 
The stable gas-phase conformations of the protonated DNA and RNA 
nucleosides populated by ESI160164 are discussed in Chapter 3 and are the reactant 
species for the TCID experiments performed here. To allow appropriate thermochemical 
analysis of the two primary activated dissociation pathways, PESs for N-glycosidic bond 
cleavage of each protonated nucleoside are examined in detail by theory. In particular, 
the relative energies of the reactant and the rate-determining TSs are determined as 
theoretical estimates for the AEs, whereas the relative energies of the reactants and 
CID products (including BSSE corrections) are determined as theoretical estimates for 
the ΔHrxns. 
The predicted mechanisms and PESs for N-glycosidic bond cleavage along both 
primary CID pathways are highly parallel for all [Nuo+H]+ except [Ado+H]+. The 
predicted PESs for N-glycosidic bond cleavage of [Nuo+H]+ are shown in Figures 
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4.64.14. The unique PESs predicted for N-glycosidic bond cleavage of [Ado+H]+ are 
shown in Figure 4.15. Figures 4.64.15 are discussed in detail below.  
As shown in Figures 4.6a4.14a, production of protonated nucleobase, [B+H]+ 
from [Nuo+H]+ occurs via a stepwise process. As the N-glycosidic bond elongates, the 
nucleobase gradually leaves the sugar and approaches H2', leading to TS1. The relative 
energy difference between [Nuo+H]+ and TS1 determines the first activation barrier. 
Using H2' as a pivot, the nucleobase rotates to further approach an oxacarbenium-type 
charged sugar, leading to the first stable intermediate, Int1. Further rotation of the 
nucleobase to better align itself with H2' of the charged sugar moiety facilitates H2' 
transfer from C2' to N9, and leads to the formation of TS2. The relative energy 
difference between [Nuo+H]+ and TS2 determines the height of the second activation 
barrier. As H2' is transferred to the nucleobase, a double bond forms between C1' and 
C2', resulting in a planar neutral sugar moiety.  The protonated nucleobase and the 
neutral planar sugar moieties are bound by noncanonical hydrogen-bonding interactions, 
forming the final stable intermediate, Int2. Lengthening of these noncovalent interactions, 
leads to smooth dissociation to the final products, the protonated nucleobase, [B+H]+, 
and neutral sugar moiety, [Nuo-B+H]+.  
The calculated PESs for N-glycosidic bond cleavage resulting in elimination of 
the neutral nucleobase, B, from [Nuo+H]+ are shown in Figures 4.6b4.14b. The 
glycosidic bond typically gradually elongates to form TSn. Although TSn exhibits similar 
energetics to TS1, the orientation and the relative position of the nucleobase to the 
sugar differ markedly, except for [dAdo+H]+, [dThd+H]+ and [dUrd+H]+, where TSn=TS1. 
As the nucleobase departs from the sugar, it reorients to form noncanonical hydrogen-
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bonding interactions with the sugar moiety, leading to an oxacarbenium-ion intermediate, 
Intn. Lengthening of the noncovalent interactions stabilizing Intn leads to smooth 
dissociation into the products, a positively charged nonplanar sugar moiety, [Nuo-B+H]+, 
and a noncanonical tautomer of the neutral nucleobase.  
The PESs for N-glycosidic bond cleavage of [Ado+H]+ are shown in Figure 4.15, 
distinct from the PESs for the other protonated nucleosides, explain the stronger 
competition between the two primary dissociation pathways observed in the CID 
experiments. In the first step, the glycosidic bond elongates. Rotation of the departing 
N3 protonated adenine moiety facilitates its interaction with the C2' hydrogen atom. The 
N3−H+···O5' hydrogen bond is maintained as the adenine residue departs from the 
sugar leading to the first TS, TS1. The relative energy difference between the ground-
state conformer of [Ado+H]+ and TS1 determines the first activation barrier. Rotation of 
the 5'-hydroxymethyl substituent and the nucleobase enables a second hydrogen-
bonding interaction between the N9 and 5'-hydroxyl hydrogen atoms, leading to a stable 
oxocarbenium ion intermediate, Int1. The 5'-hydroxyl hydrogen atom approaches N9 as 
a bond is formed between C1' and O5', forming a double ring sugar moiety and leading 
to TS2. Note that both levels of theory predict TS2 to be lower in energy than TS1. 
Transfer of the 5'-hydroxyl hydrogen atom to N9, produces Int2, which is stabilized by 
N9−H···O5' and N3−H+···O4' hydrogen-bonding interactions between protonated 
adenine and the double-ring sugar. Noncovalent cleavage of these two hydrogen-
bonding interactions, produces the dissociation products, protonated adenine and a 
neutral double-ring sugar. Production of [Ado-Ade+H]+ and neutral Ade is achieved by 
transfer of the excess proton from N3 to O1' in Int2 passing through TSn and resulting in 
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Intn, which is stabilized by O4'−H···N3 and N9−H···O5' hydrogen-bonding interactions. 
Cleavage of these interactions produces the canonical neutral Ade moiety. The bond 
between C1' and O4' breaks as a double bond is formed between C1' and O5' with O5' 
carrying the positive charge, and producing a six-membered ring sugar. All three TSs 
along this PES, TS1, TS2 and TSn, lie below the dissociation asymptote (B3LYP). 
However, the energy difference between TS1 and the dissociation asymptote is < 20 
kJ/mol (B3LYP) such that TS1 may still significantly influence the rate of dissociation. 
In summary, the proposed PESs for N-glycosidic bond cleavage of all [Nuo+H]+ 
examined here, except [Ado+H]+, resulting in loss of the protonated nucleobase, [B+H]+, 
involve two major steps: 1) lengthening/cleavage of the N-glycosidic bond such that the 
nucleobase gradually leaves an oxacarbenium-ion like sugar moiety; 2) transfer of the 
2'-proton from the sugar to the nucleobase. In contrast, N-glycosidic bond cleavage 
resulting in loss of the neutral nucleobase simply involves cleavage of the glycosidic 
bond with no barriers in excess of the endothermicity of dissociation. For all five pairs of 
protonated DNA and RNA nucleosides examined here, both B3LYP and MP2 theory 
suggest that > 20 kJ/mol more energy is required to activate the N-glycosidic bond of 
the protonated RNA nucleosides than their DNA analogues. Therefore, the 2'-hydroxyl 
substituent enhances the stability of the N-glycosidic bond and leads to a slight 
decrease in the competition between the two primary CID pathways of the protonated 
RNA nucleosides vs. their DNA analogues for all systems examined here except 
[Ado+H]+.  
Theory indicates that the conformation of the reactants may strongly influence 
the energetics along the PESs for N-glycosidic bond cleavage. This is particularly true 
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for the loss of the neutral nucleobase pathway because the dissociation asymptote is 
rate-determining, and the relative stabilities of the neutral nucleobase that are 
eliminated are sensitive to the tautomeric conformations. The TSs along the PESs for 
elimination of [B+H]+ from [dThd+H]+ and [dUrd+H]+ lie slightly lower in energy than the 
dissociation asymptote. Therefore, the tautomeric conformations and stabilities of 
[B+H]+ eliminated may also affect the reaction rate. Therefore, the conformations of 
[dThd+H]+ and [dUrd+H]+ influence the energetics for both CID pathways. More detailed 
information regarding the calculated PESs for N-glycosidic bond cleavage of [Nuo+H]+ 
are provided in References 165169.  
4.2.3 Threshold Analysis 
The model of Equation 2.3 (Chapter 2) is used to competitively analyze the 
thresholds for the two primary dissociation pathways of 10 protonated DNA and RNA 
nucleosides. Various treatments for the rate-limiting TSs that control the dissociation are 
examined including all plausible combinations of the relevant TS models (TTS, PSL TS 
and SW TS). In all cases, the most appropriate means of analyzing the thresholds for 
Reaction 4.1 for all of the protonated nucleosides involves use of the TTS models 
associated with the computed TSs, TS1 or TS2. The TS model used to analyze the 
thresholds for Reaction 4.2, depends on the relative energies of the computed TSs, 
TSn, and the dissociation asymptotes. In the cases of [dGuo+H]
+ and [Guo+H]+, TSn is > 
50 kJ/mol lower in energy than the dissociation asymptote such that SW TSs (involving 
TSn and PSL TS) models best reproduce the dissociation thresholds. In contrast, in the 
cases of [dAdo+H]+ and [Ado+H]+, TSn=TS1 and lies much closer in energy to the 
dissociation asymptote such that the TTS of TS1 is found to be the most suitable model 
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for threshold analysis. The results for the threshold analyses of [Nuo+H]+ are shown in 
Figures 4.164.20.  
The threshold analyses enable the conformer(s) populated by ESI that control 
the threshold behavior for N-glycosidic bond cleavage to be elucidated. In particular, for 
[dAdo+H]+ and [Ado+H]+, both the N3 and N1 protonated conformers are populated by 
ESI with the N3 protonated species dominant in the experiments.160 The threshold 
analyses however suggests that the N3 protonated conformers control the threshold 
behavior for N-glycosidic bond cleavage.165 The IRMPD action spectroscopy study 
found that both N3 and O2 protonated conformers of [dCyd+H]+ and [Cyd+H]+ coexist in 
the experiments in approximately equal populations.161 The threshold analyses are 
consistent with these results, but the O2 protonated species are found to control the 
threshold energies for N-glycosidic bond cleavage, largely because ~25 kJ/mol more 
energy is required to eliminate neutral Cyt from the N3 protonated conformers than their 
O2 protonated analogues.166 For [dGuo+H]+ and [Guo+H]+, the N7 protonated ground-
state conformers are the only conformations populated by ESI.162 Indeed, threshold 
analysis based on these conformers as the reactant species lead to threshold energies 
that exhibit very good agreement between with theory.167 Although a large variety of 
2,4-dihydroxy tautomers and O2 protonated conformers of  [dThd+H]+ and [Thd+H]+ are 
populated by ESI,163 threshold analysis suggests that the T conformers that adopt 
O2H+···O5' (syn) or O2H+···O2'H···O3' (anti) strong hydrogen-bonding interactions 
determine the threshold energies.168 Parallel results are found for [dUrd+H]+ and 
[Urd+H]+ from threshold analyses even though the O4 protonated conformers are also 
found to be populated by ESI.164,169 In particular, the ΔHrxns extracted from the analyses 
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based on the O2 protonated conformers of [dThd+H]+ and [Thd+H]+, and the O4 
protonated conformers of [dUrd+H]+ and [Urd+H]+ do not agree with the calculated 
values again because the neutral nucleobases eliminated lie much higher in energy and 
would raise the predicted dissociation asymptotes. The fitting parameters determined 
from competitive analyses of the CID cross sections and the TS models employed for 
the protonated nucleosides are summarized in Tables 4.1 (all values taken from 
References 165169). 
The entropy of activation, ΔS†, is a measure of the looseness/tightness of the TS 
and is also a reflection of the complexity of the system. It is largely determined by the 
molecular parameters used to model the energized complex and the rate-limiting TS for 
dissociation, but also depends on the threshold energy. The ΔS† values at 1000 K are 
summarized in Table 4.1. The ΔS† values associated with TTSs of Reactions 4.1 and 
4.2 at 1000 K are between ~25 and 53 J/mol·K, indicative of fairly tight TSs.  In contrast, 
the ΔS† values associated with SW TSs of Reaction 4.2 at 1000 K are between ~99 
and 111 J/mol·K, indicative of the looseness of the PSL TSs. 
4.3 Discussion 
4.3.1 Comparison of Experiment and Theory 
The measured and calculated AEs and ΔHrxns for N-glycosidic bond cleavage of 
the protonated DNA and RNA nucleosides at 0 K are summarized in Tables 4.2 (all 
values taken from References 165169). The agreement between theory and 
experiment for the protonated DNA and RNA nucleosides are illustrated in Figures 4.21 
and 4.22, respectively. The mean absolute deviations (MADs) clearly indicate that 
overall B3LYP exhibits excellent agreement with experiment, whereas MP2 significantly 
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overestimates the AEs and ΔHrxns. For the protonated DNA nucleosides, the MADs 
between B3LYP theory and experiment are 1.5 ± 0.7 kJ/mol for the AEs and 2.8 ± 2.9 
kJ/mol for the ΔHrxns, whereas the MADs for MP2 theory are 39.3 ± 2.1 kJ/mol (AEs) 
and 16.1 ± 8.0 kJ/mol (ΔHrxns). For the protonated RNA nucleosides, the MADs 
between B3LYP theory and experiment are 3.9 ± 3.2 kJ/mol for the AEs and 5.9 ± 5.5 
kJ/mol for the ΔHrxns, whereas the MADs for MP2 theory are 40.7 ± 7.3 kJ/mol (AEs) 
and 13.5 ± 8.0 kJ/mol (ΔHrxns). Thus, B3LYP provides excellent predictions for the 
PESs for N-glycosidic bond cleavage, and slightly better predictions of the AEs than the 
ΔHrxns. In contrast, MP2 provides poor estimates for the AEs and ΔHrxns. BSSE 
corrections significantly improve the predicted ΔHrxns, but results are still unsatisfactory 
vs. the ΔHrxns estimated by B3LYP. 
4.3.2 Effect of the 2'-Hydroxyl Substituent on N-Glycosidic Bond Stability  
The measured and calculated AEs and ΔHrxns summarized in Tables 4.2 clearly 
indicate that the 2'-hydroxyl substituent increases the stability of the N-glycosidic bond 
of the protonated RNA nucleosides by > 20 kJ/mol as compared to those of their DNA 
analogues. These values are consistent with the contraction of the N-glycosidic bond in 
the computed structures for the protonated RNA nucleosides relative to their DNA 
analogues. 
The 2'-hydroxyl substituent leads to a decrease in competitive between the two 
primary CID pathways of all of the protonated RNA nucleosides except [Ado+H]+. 
Thermochemical analyses of the CID cross sections indicate that the thresholds for 
Reactions 4.2 exceed those for Reactions 4.1 by ~3070 kJ/mol for the [Nuo+H]+ 
examined. Competition among the two primary dissociation pathways remains fairly 
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insignificant until several hundred kJ/mol above the onset for glycosidic bond cleavage. 
Thus, although elimination of the neutral nucleobase is observed for all of these 
systems in the gas phase, and enables the intrinsic heats of reaction for these pathways 
to be quantitatively determined, it is clear that they cannot play an important role in 
condensed phase systems. This is significant as these pathways lead to the production 
of neutral nucleobases in noncanonical tautomeric conformations, which would be less 
useful for nucleobase salvage.  In contrast, elimination of the canonical neutral from 
[Ado+H]+ greatly increases the competition between the two CID pathways, which is 
consistent with the frequent Ade loss observed from oligonucleotides in MS/MS 
experiments.9092 This may suggest that the neutral nucleobase loss pathway may occur 
via glycosidic bond cleavage of [Ado+H]+ in the condensed phase.  
4.3.3 Trends in N-Glycosidc Bond Stability of Protonated DNA Nucleosides 
The measured AEs and ΔHrxns for N-glycosidic bond cleavage of the protonated 
DNA nucleosides are summarized in Table 4.2. Energies required to activate the 
glycosidic bond to produce the protonated nucleobase follow the order [dCyd+H]+ < 
[dGuo+H]+ < [dThd+H]+ < [dUrd+H]+ < [dAdo+H]+. Energies required to eliminate the 
neutral nucleobase follow the order [dUrd+H]+ < [dThd+H]+ < [dCyd+H]+ < [dGuo+H]+ < 
[dAdo+H]+. Thus, among these five protonated DNA nucleosides examined, [dAdo+H]+ 
requires the most energy to cleave the glycosidic bond. Competition between the two 
primary CID pathways is greater for both [dThd+H]+ and [dUrd+H]+ than the other 
protonated DNA nucleosides, consistent with the low PAs170 of thymine (Thy) and uracil 
(Ura) vs. the other nucleobases. Therefore, the excess proton can be more 
competitively retained by the sugar moieties of [dThd+H]+ and [dUrd+H]+. 
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4.3.4 Trends in N-Glycosidic Bond Stability of Protonated RNA Nucleosides 
The measured AEs and ΔHrxns for N-glycosidic bond cleavage of the protonated 
RNA nucleosides are summarized in Table 4.2. Energies required to activate the 
glycosidic bond to produce the protonated nucleobase follow the order [Cyd+H]+ < 
[Urd+H]+ < [Guo+H]+ < [Thd+H]+ < [Ado+H]+. Energies required to dissociate the 
glycosidic bond via elimination of the neutral nucleobase follow the order [Urd+H]+ < 
[Thd+H]+ < [Cyd+H]+ < [Guo+H]+ < [Ado+H]+. [Ado+H]+, again requires the most energy 
to cleave the glycosidic bond. However, [Ado+H]+ exhibits very strong competition 
between the two CID pathways, consistent with the apparent CID thresholds, which 
suggests a distinct dissociation mechanism may occur for [Ado+H]+. The competition 
between the two primary CID pathways observed for [Thd+H]+ and [Urd+H]+ is again 
greater than that observed for [Cyd+H]+ and [Guo+H]+, consistent with the behavior of 
the protonated DNA nucleosides, and again is explained based on the low PAs of Thy 
and Ura.170 Thus the sugar moieties of [Thd+H]+ and [Urd+H]+ retain the excess proton 
more competitively. However, this cannot be the case for [Ado+H]+, and thus the PESs 
for N-glycosidic bond cleavage of [Ado+H]+ must exhibit unique character. 
4.3.5 Effects of Protonation Site, Tautomerization, and Nucleobase Orientation on 
N-Glycosidic Bond Stability 
 
Multiple conformations involving different sites of protonation or tautomeric forms 
of the protonated Cyt, Thy and Ura nucleosides are found to coexist in the 
experiments.161,163,164 The sites of protonation or tautomeric conformation greatly 
influence the ΔHrxns for elimination of the neutral nucleobase, as the tautomeric form of 
the neutral nucleobase eliminated determines the energy of the dissociation asymptote, 
which are the rate-limiting steps for Reaction 4.2. The threshold analyses of the TCID 
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cross sections enable the conformation(s) that control the threshold energies to be 
determined (see Section 4.2.3). As Thy and Ura have the lowest PAs among the 
nucleobases,170 the propensities of Thy and Ura to serve as leaving groups in the N-
glycosidic bond cleavage processes are lower than for the other protonated nucleosides. 
However, protonated Thy and Ura nucleosides do not require the most energy to 
activate the N-glycosidic bond. As discussed in Section 4.2.3, the T conformers 
adopting O2H+···O5' (syn) or O2H+···O2'H···O3' (anti) strong hydrogen-bonding 
interactions control the threshold energies of these protonated nucleosides. Therefore, 
tautomerization may play a very significant role in N-glycosidic bond cleavage of 
[dThd+H]+, [Thd+H]+, [dUrd+H]+ and [Urd+H]+. 
As Ade, Cyt and Gua nucleobases have similar PAs (ΔPAs < 10 kJ/mol),170 the 
propensities for the protonated Ade to act as a leaving group in N-glycosidic bond 
cleavage should not be low. However, protonated Ade nucleosides require the most 
energy to activate N-glycosidic bond. Note that the preferred site of protonation for 
isolated Ade is N1,8,9 but for dAdo or Ado is N3.160 Thus, the site of protonation and 
orientation of the protonated nucleobase relative to the sugar moiety may play a more 
significant role in influencing the AEs and ΔHrxns for N-glycosidic bond cleavage than 
the nucleobase PA. In particular the syn nucleobase orientation induced by N3 
protonation and stabilized by a strong N3H+···O5 hydrogen-bonding interaction in the 
protonated Ade nucleosides strongly influences the N-glycosidc bond dissociation 
mechanisms. The strong N3H+···O5 hydrogen-bonding interaction of [Ado+H]+ also 
facilitates a unique dissociation mechanism for N-glycosidic bond cleavage (see 
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Section 4.2.2) to occur that explains the very strong competition observed for the two 
primary CID pathways for [Ado+H]+. 
4.3.6 Effects of the 2'-Deoxy Modification and 5-Methylation on N-Glycosidic Bond 
Stability 
 
The measured AEs and ΔHrxns for N-glycosidic bond cleavage of [dThd+H]
+, 
[Thd+H]+, [dUrd+H]+, and [Urd+H]+ are summarized in Table 4.2. For the protonated 
canonical vs. noncanonical nucleosides, [Urd+H]+ vs. [dUrd+H]+, [dUrd+H]+ requires 
less energy to activate N-glycosidic bond than [Urd+H]+, indicating that the 2'-deoxy 
modification leads to a decrease in the stability of N-glycosidic bond. For the protonated 
canonical vs. noncanonical nucleosides, [dThd+H]+ vs. [dUrd+H]+, [dUrd+H]+ requires 
more energy to activate N-glycosidic bond than [dThd+H]+, indicating that the 5-
methylation leads to a decrease in glycosidic bond stability. In contrast, for the 
protonated canonical vs. noncanonical nucleosides, [Urd+H]+ vs. [Thd+H]+, [Thd+H]+ 
requires more energy to activate the N-glycosidic bond than [Urd+H]+, thus in this case 
the 5-methylation increases the stability of N-glycosidic bond.  
Greater competition between the two primary CID pathways is observed for 
[dUrd+H]+ than [dThd+H]+, likewise competition is greater for [Urd+H]+ than [Thd+H]+. 
The greater competition observed for the protonated Ura nucleosides is consistent with 
the relative PAs of Ura and Thy.170 The lower PA of Ura enables the excess proton to 
be more competitively retained by the sugar moieties of [dUrd+H]+ and [Urd+H]+, thus 
leading to greater competition between the two CID pathways for these two systems. 
4.4 Conclusions 
The dissociation mechanisms and energetics for N-glycosidic bond cleavage of 
10 protonated nucleosides, [Nuo+H]+, are investigated by energy-dependent CID 
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experiments using GIBMS techniques. In all cases, the primary CID pathways observed 
involve N-glycosidic bond cleavage resulting in competitive elimination of the protonated 
or neutral nucleobase. The gas-phase conformations of [Nuo+H]+ populated by ESI are 
established by IRMPD action spectroscopy studies, discussed in detail in Chapter 3, 
and are the reactants along the PESs for N-glycosidic bond cleavage.  The PESs for 
both primary CID pathways are predicted at the B3LYP/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory. 
Excellent agreement between the experimental results and B3LYP theory is achieved, 
whereas MP2 theory overestimates the AEs and ΔHrxns for N-glycosidic bond cleavage.  
Except for [Ado+H]+, theory predicts that N-glycosidic bond cleavage resulting in 
elimination of the protonated nucleobase, [B+H]+ involves two major steps: 1) cleavage 
of the N-glycosidic bond and 2) hydrogen transfer from C2' to the nucleobase. This 
sequential E1 dissociation mechanism is analogous to the stepwise SN1 mechanism 
found for N-glycosidic bond hydrolysis in the condensed phase.93,102,104 In contrast, N-
glycosidic bond cleavage resulting in elimination of the neutral nucleobase, B, simply 
involves lengthening/cleavage of the N-glycosidic bond. In all cases, the 2'-hydroxyl 
substituent enhances the stability of the N-glycosidic bond of the protonated RNA 
nucleosides vs. their DNA counterparts. Except for [Ado+H]+, the 2'-hydroxyl substituent 
leads to a decrease in the competition observed for the two primary CID pathways of 
the protonated RNA nucleosides. 
N3 protonation induces the syn nucleobase orientation of [dAdo+H]+ and 
[Ado+H]+, stabilized by strong N3H+···O5' hydrogen-bonding interactions, which is likely 
the reason that more energy is required to activate the N-glycosidic bond in these 
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nucleosides among the [Nuo+H]+ investigated here. The syn nucleobase orientation 
induced by N3 protonation and the 2'-hydroxyl substituent of [Ado+H]+ lead to a unique 
dissociation mechanism that results in very strong competition between the primary 
dissociation pathways of [Ado+H]+.  Tautomerization of the protonated Thy and Ura 
nucleosides also greatly facilitates N-glycosidic bond cleavage. The trends in the AEs 
and ΔHrxns for N-glycosidic bond cleavage of [Nuo+H]
+ are only partially consistent with 
the PAs of the nucleobases. Therefore, the nucleobase PA is not the only determinant 
of the energy required to activate N-glycosidic bond. The nucleobase orientation, state 
of protonation, tautomerization, and intramolecular hydrogen-bonding interactions are 
all contributing factors that influence the dissociation mechanisms and energetics for N-
glycosidic bond cleavage. 
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Table 4.1. Fitting Parameters of Equation 2.3, Threshold Energies at 0 K and Entropies 
of Activation at 1000 K of Protonated DNA and RNA Nucleosides.a 
Reactant CID Products TS
b 0
 c n c E0
c (eV) ΔS‡ (J/mol·K) 
[dAdo+H]+ [Ade+H]+ TS1 10 (1) 1.3 (0.1) 1.53 (0.05) 41 (1) 
 [dAdo-Ade+H]+ TS1 770 (150) 1.3 (0.1) 2.00 (0.05) 41 (1) 
       
[Ado+H]+ [Ade+H]+ TS1 24 (2) 1.3 (0.1) 1.70 (0.05) 53 (1) 
 [Ado-Ade+H]+ TS1 170 (30) 1.3 (0.1) 2.02 (0.05) 53 (1) 
       
[dCyd+H]+ [Cyt+H]+ TS2 16.4 (5.5) 3.0 (0.2) 0.89 (0.06) 42 (1) 
 [dCyd-Cyt+H]+ SW 1.9 (1.2) 3.0 (0.2) 1.51 (0.08) 108 (4) 
       
[Cyd+H]+ [Cyt+H]+ TS1 17.6 (0.8) 2.5 (0.1) 1.16 (0.03) 53 (1) 
 [Cyd-Cyt+H]+ SW 1.0 (0.2) 2.5 (0.1) 1.82 (0.06) 111 (4) 
       
[dGuo+H]+ [Gua+H]+ TS1 79.1 (4.2) 2.1 (0.1) 0.97 (0.03) 25 (1) 
 [dGuo-Gua+H]+ SW 1.3 (0.2) 2.1 (0.1) 1.72 (0.04) 99 (4) 
       
[Guo+H]+ [Gua+H]+ TS2 73.4 (3.0) 2.1 (0.1) 1.19 (0.03) 38 (1) 
 [Guo-Gua+H]+ SW 0.9 (0.1) 2.1 (0.1) 2.01 (0.06) 101 (4) 
       
[dThd+H]+ [Thy+H]+ TS1 60.3 (3.2) 1.4 (0.1) 1.07 (0.04) 36 (1) 
 [dThd-Thy+H]+ TSn 4.2 (1.1) 1.4 (0.1) 1.27 (0.05) 47 (1) 
       
[Thd+H]+ [Thy+H]+ TS1 146.4 (8.0) 0.8 (0.1) 1.30 (0.05) 40 (1) 
 [Thd-Thy+H]+ TSn 51.1 (22.5) 0.8 (0.1) 1.56 (0.06) 34 (1) 
       
[dUrd+H]+ [Ura+H]+ TS1 54.3 (2.4) 1.4 (0.1) 1.11 (0.04) 43 (1) 
 [dUrd-Ura+H]+ TSn 1.7 (0.3) 1.4 (0.1) 1.16 (0.05) 43 (1) 
       
[Urd+H]+ [Ura+H]+ TS1 49.9 (9.0) 1.4 (0.1) 1.18 (0.02) 26 (1) 
 [Urd-Ura+H]+ TSn 8.1 (1.2) 1.4 (0.1) 1.41 (0.02) 34 (1) 
aAll values taken from References 165169. Present results, uncertainties are listed in 
parenthese. bValues obtained from competitive fits using the best model combinations, 
TTS+TTS, or TTS+SW TS, to the CID product channels. cAverage values from 
threshold analysis. 
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Table 4.2. Activation Energies and Reaction Enthalpies for N-Glycosidic Bond Cleavage 
of Protonated DNA and RNA Nucleosides at 0 K in kJ/mol.a 
DNA TCID
b B3LYPc MP2d 
Ionic Product AE ΔHrxn AE ΔHrxn
e AE ΔHrxn
e 
[Ade+H]+ 147.6 (4.8) - 146.8 111.6 189.1 131.9 
[dAdo-Ade+H]+ - 193.0 (4.8) 146.8 188.4 189.1 192.2 
[Cyt+H]+ 85.9 (5.8) - 83.8 80.7 123.2 99.4 
[dCyd-Cyt+H]+ - 145.7 (7.7) 79.1 147.5 117.9 169.3 
[Gua+H]+   93.6 (2.9) - 95.2 87.0 132.7 102.9 
[dGuo-Gua+H]+ - 166.0 (3.9) 90.5 157.6 122.0 175.8 
[Thy+H]+ - 103.2 (3.9) 98.2 105.1 136.1 123.3 
[dThd-Thy+H]+ - 122.5 (4.8) 98.2 122.4 136.1 141.8 
[Ura+H]+ - 107.1 (3.9) 91.4 109.9 129.6 127.1 
[dUrd-Ura+H]+ - 111.9 (4.8) 91.4 111.6 129.6 131.0 
AEUf 4.5 (1.5) 4.8 (1.3)     
MADg   1.5 (0.7) 2.8 (2.9) 39.3 (2.1) 16.1 (8.0) 
    
RNA TCID
b B3LYPc MP2d 
Ionic Product AE ΔHrxn AE ΔHrxn
e AE ΔHrxn
e 
[Ade+H]+ 164.0 (4.8) - 172.3 96.2 216.6 93.0 
[Ado-Ade+H]+ - 194.9 (4.8) 172.3 189.7 216.6 198.6 
[Cyt+H]+ 111.9 (2.9) - 111.3 74.5 148.4 97.2 
[Cyd-Cyt+H]+ - 175.6 (5.8) 90.7 171.2 124.0 194.2 
[Gua+H]+ 114.8 (2.9) - 120.9 86.8 157.0 107.9 
[Guo-Gua+H]+ - 193.9 (5.8) 84.5 178.8 109.0 200.2 
[Thy+H]+ 125.4 (4.8) - 122.3 107.7 159.4 129.6 
[Thd-Thy+H]+ - 150.5 (5.8) 114.1 146.5 153.0 167.7 
[Ura+H]+ 113.9 (1.9) - 115.3 113.4 152.1 133.8 
[Urd-Ura+H]+ - 136.0 (1.9) 108.1 136.6 145.9 157.6 
AEUf 3.5 (1.3)      
MADg  4.8 (1.7) 3.9 (3.2) 5.9 (5.5) 40.7 (7.3) 13.5 (8.0) 
aAll values taken from References 165169. Present results, uncertainties are listed in 
parenthess. bTCID activation energies and reaction enthalpies obtained from 
competitive threshold analyses. cCalculated at B3LYP/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) level of theory including ZPE corrections. dCalculated at MP2(full)/6-
311+G(2d,2p)//MP2(full)/6-311+G(d,p) level of theory including ZPE corrections. eAlso 
includes BSSE corrections. fAverage experimental uncertainty (AEU). gMean absolute 
deviation (MAD) between calculated and experimentally obtained AEs and ΔHrxns. 
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Figure 4.1. Cross sections for collision-induced dissociation of [dAdo+H]+ and 
[Ado+H]+ with Xe as a function of kinetic energy in the  center-of-mass frame (lower 
x-axis) and laboratory frame  (upper x-axis), parts a and b, respectively.  Data are 
shown for a Xe pressure of 0.2 mTorr.  
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Figure 4.2. Cross sections for collision-induced dissociation of [dCyd+H]+ and 
[Cyd+H]+ with Xe as a function of kinetic energy in the  center-of-mass frame (lower 
x-axis) and laboratory frame  (upper x-axis), parts a and b, respectively.  Data are 
shown for a Xe pressure of 0.2 mTorr.  
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Figure 4.3. Cross sections for collision-induced dissociation of [dGuo+H]+ and 
[Guo+H]+ with Xe as a function of kinetic energy in the  center-of-mass frame (lower 
x-axis) and laboratory frame  (upper x-axis), parts a and b, respectively.  Data are 
shown for a Xe pressure of 0.2 mTorr.  
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a. 
b. 
Figure 4.4. Cross sections for collision-induced dissociation of [dThd+H]+ and 
[Thd+H]+ with Xe as a function of kinetic energy in the  center-of-mass frame (lower 
x-axis) and laboratory frame  (upper x-axis), parts a and b, respectively.  Data are 
shown for a Xe pressure of 0.2 mTorr.  
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a. 
b. 
Figure 4.5. Cross sections for collision-induced dissociation of [dUrd+H]+ and 
[Urd+H]+ with Xe as a function of kinetic energy in the  center-of-mass frame (lower x-
axis) and laboratory frame  (upper x-axis), parts a and b, respectively.  Data are 
shown for a Xe pressure of 0.2 mTorr.  
a. 
b. 
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Figure 4.6. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[dAdo+H]+ for the production of [Ade+H]+ and [dAdo-Ade+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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a. 
b. 
Figure 4.7. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[dCyd+H]+ for the production of [Cyt+H]+ and [dCyd-Cyt+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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a. 
b. 
Figure 4.8. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[Cyd+H]+ for the production of [Cyt+H]+ and [Cyd-Cyt+H]+, parts a and b, respectively, 
calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) and 
MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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a. 
b. 
Figure 4.9. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[dGuo+H]+ for the production of [Gua+H]+ and [dGuo-Gua+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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a. 
b. 
Figure 4.10. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[Guo+H]+ for the production of [Gua+H]+ and [dGuo-Gua+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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Figure 4.11. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[dThd+H]+ for the production of [Thy+H]+ and [dThd-Thy+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
a. 
b. 
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Figure 4.12. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[Thd+H]+ for the production of [Thy+H]+ and [Thd-Thy+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
a. 
b. 
a. 
b. 
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Figure 4.13. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[dUrd+H]+ for the production of [Ura+H]+ and [dUrd-Ura+H]+, parts a and b, 
respectively, calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) 
and MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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a. 
b. 
Figure 4.14. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[Urd+H]+ for the production of [Ura+H]+ and [Urd-Ura+H]+, parts a and b, respectively, 
calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) and 
MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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Figure 4.15. The potential energy surfaces (PESs) for N-glycosidic bond cleavage of 
[Ado+H]+ for the production of [Ade+H]+ and [Ado-Ade+H]+ calculated at the 
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) (blue) and MP2(full)/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (red) levels of theory.  
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Figure 4.16. Zero-pressure-extrapolated CID products cross sections of [dAdo+H]+ 
and [Ado+H]+ in the threshold region, parts a and b, respectively. The solid lines show 
the best fits to the data using Equation 2.3 convoluted over the kinetic energy 
distributions of the reactants, [dAdo+H]+ or [Ado+H]+ and Xe. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening 
for [dAdo+H]+ and [Ado+H]+ with an internal energy corresponding to 0 K. 
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Figure 4.17. Zero-pressure-extrapolated CID products cross sections of [dCyd+H]+ 
and [Cyd+H]+ in the threshold region, parts a and b, respectively. The solid lines show 
the best fits to the data using Equation 2.3 convoluted over the kinetic energy 
distributions of the reactants, [dCyd+H]+ or [Cyd+H]+ and Xe. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening 
for [dCyd+H]+ and [Cyd+H]+ with an internal energy corresponding to 0 K. 
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Figure 4.18. Zero-pressure-extrapolated CID products cross sections of [dGuo+H]+ 
and [Guo+H]+ in the threshold region, parts a and b, respectively. The solid lines show 
the best fits to the data using Equation 2.3 convoluted over the kinetic energy 
distributions of the reactants, [dGuo+H]+ or [Guo+H]+ and Xe. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening 
for [dGuo+H]+ and [Guo+H]+ with an internal energy corresponding to 0 K. 
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Figure 4.19. Zero-pressure-extrapolated CID products cross sections of [dThd+H]+ 
and [Thd+H]+ in the threshold region, parts a and b, respectively. The solid lines show 
the best fits to the data using Equation 2.3 convoluted over the kinetic energy 
distributions of the reactants, [dThd+H]+ or [Thd+H]+ and Xe. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening 
for [dThd+H]+ and [Thd+H]+ with an internal energy corresponding to 0 K. 
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Figure 4.20. Zero-pressure-extrapolated CID products cross sections of [dUrd+H]+ 
and [Urd+H]+ in the threshold region, parts a and b, respectively. The solid lines show 
the best fits to the data using Equation 2.3 convoluted over the kinetic energy 
distributions of the reactants, [dUrd+H]+ or [Urd+H]+ and Xe. The dotted lines show 
the model cross sections in the absence of experimental kinetic energy broadening 
for [dUrd+H]+ and [Urd+H]+ with an internal energy corresponding to 0 K. 
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Figure 4.21. Comparison of the calculated and measured AEs and ΔHrxns for N-
glycosidic bond cleavage of protonated DNA nucleosides, B3LYP and MP2(full) for 
parts a and b, respectively. All values are taken from Table 4.2.   
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Figure 4.22. Comparison of the calculated and measured AEs and ΔHrxns for N-
glycosidic bond cleavage of protonated RNA nucleosides, B3LYP and MP2(full) for 
parts a and b, respectively. All values are taken from Table 4.2.   
a. 
b. 
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CHAPTER 5 CHARACTERIZATION OF THE STABLE GAS-PHASE 
CONFORMATIONS OF PROTONATED DNA AND RNA MONONUCLEOTIDES VIA 
IRMPD ACTION SPECTROSCOPY 
 
5.1 Introduction and Methods 
The stable gas-phase conformations of 10 protonated DNA and RNA 
nucleosides were examined by IRMPD action spectroscopy and theoretical electronic 
structure calculations, and discussed in detail in Chapter 3. The IRMPD action 
spectroscopy technique in conjunction with theoretical calculations has proven to be a 
very powerful approach for characterizing the intrinsic structures and properties of the 
fundamental building blocks of nucleic acids. To extend this work toward an 
understanding of how the intrinsic structures and properties of the nucleosides evolve in 
nucleic acids, the influence of the phosphate moiety must also be examined. In this 
chapter, the stable gas-phase conformations of the protonated DNA and RNA 
mononucleotides, (including the four pairs of canonical mononucleotides), protonated 2'-
deoxyadenosine-5'-monophosphate and adenosine-5'-monophosphate, [pdAdo+H]+ and 
[pAdo+H]+,171 protonated 2'-deoxycytidine-5'-monophosphate and cytidine-5'-
monophosphate, [pdCyd+H]+ and [pCyd+H]+,172 protonated 2'-deoxyguanosine-5'-
monophosphate and guanosine-5'-monophosphate, [pdGuo+H]+ and [pGuo+H]+,173 and 
protonated thymidine-5'-monophosphate and uridine-5'-monophosphate, [pdThd+H]+ 
and [pUrd+H]+174 are examined by IRMPD action spectroscopy and theoretical 
electronic structure calculations. The measured IRMPD action spectra of the protonated 
mononucleotides are compared over the IR fingerprint and hydrogen-stretching regions 
with the B3LYP/6-311+G(d,p) linear IR spectra predicted for the stable low-energy 
conformations of these species determined at the same level of theory. Comparisons 
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between the measured IRMPD and calculated IR spectra allow the conformations 
populated by ESI to be determined. Details of the experimental and theoretical methods 
are given in Chapter 2. Comparisons of the results in this chapter and those presented 
in Chapter 3 allow the influence of the phosphate moiety on the gas-phase 
conformations of the protonated nucleotides vs. their analogous nucleosides to be 
elucidated. 
5.2 Results 
5.2.1 Experimental Results 
In both the IR fingerprint and hydrogen-stretching regions, the primary 
photodissociation pathway observed for [pdAdo+H]+, [pAdo+H]+, [pdCyd+H]+, [pCyd+H]+, 
[pdGuo+H]+ and [pGuo+H]+ involves cleavage of the N-glycosidic bond, producing the 
protonated nucleobase as the ionic product detected. In contrast, [pdThd+H]+ and 
[pUrd+H]+ exhibit distinct photodissociation pathways induced by the FEL and OPO 
lasers. Ionic products at m/z = 207 and 81, corresponding to [Thy+H2PO3]
+ and H2PO3
+, 
respectively, are observed for [pdThd+H]+. Ionic products at m/z = 213 and 97, 
corresponding to [pUrd-Ura+H]+ and [pUrd-Ura-H2O-H3PO4+H]
+, respectively, are 
observed for [pUrd+H]+. Experimental details and analysis procedures are explained in 
detail in Chapter 2. The IRMPD spectra of the protonated DNA and RNA 
mononucleotides measured over the IR fingerprint and hydrogen-stretching regions are 
compared in Figure 5.1. The IRMPD spectra of the protonated DNA and RNA 
mononucleotides exhibit highly parallel spectral profiles in both IR regions.  However, 
the IRMPD yields of the protonated DNA vs. RNA mononucleotides are markedly 
different. The IRMPD yields of the protonated RNA mononucleotides are approximately 
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three times greater than those of the protonated DNA mononucleotides in the IR 
fingerprint region. In contrast, the IRMPD yields are very similar for the protonated DNA 
and RNA mononucleotides in the OPO region. Extensive band broadening in the IR 
fingerprint region is observed for [pdThd+H]+ and [pUrd+H]+, suggesting that the excess 
proton is shared in a very strong hydrogen-bonding interaction for these two protonated 
mononucleotides. The moderately strong band observed at ~1800 cm-1, indicative of a 
carbonyl stretch, compared to that of the analogous protonated nucleosides (see 
Chapter 3), suggests that the phosphate moiety has reduced the propensity for 
tautomerization such that the protonated canonical forms of [pdThd+H]+ and [pUrd+H]+ 
are dominant in the experimental population. 
5.2.2 Theoretical Results 
The low-energy conformers of the protonated DNA and RNA nucleotides 
calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) and MP2(full)/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) levels of theory are displayed in Figures 5.25.9. 
The relative stabilities are shown in black for B3LYP theory, and in red for MP2(full) 
theory. The protonation site, nucleobase orientation and sugar puckering are also 
indicated in each figure. Both the B3LYP and MP2 levels of theory predict the same 
ground-state conformers for all of the protonated mononucleotides examined here, 
except [pdCyd+H]+, [pCyd+H]+ and [pUrd+H]+.  
Figures 5.2 and 5.3 indicate that N3 is predicted to be the preferred protonation 
site for [pdAdo+H]+ and [pAdo+H]+, which induces base flipping to allow a syn 
nucleobase orientation and a strong N3H+···O=P hydrogen-bonding interaction to be 
formed. Both ground-state conformers of [pdAdo+H]+ and [pAdo+H]+ exhibit C2'-endo 
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sugar puckering. The N7 and N1 protonated conformers are > 35 kJ/mol less favorable 
than the N3 protonated ground-state conformer. When N3 protonated adenine (Ade) 
takes on an anti orientation, as in the N3a conformer of [pdAdo+H]+, is > 40 kJ/mol less 
stable than the ground-state conformer. N3iii of [pAdo+H]+ adopts a dual 
N3H+···O2'H···O3' hydrogen-bonding interaction to stabilize the structure, but still lies > 
25 kJ/mol (B3LYP) and > 10 kJ/mol (MP2) higher in energy than the ground-state 
conformer. 
The B3LYP and MP2 levels of theory predict markedly different ground-state 
conformers for [pdCyd+H]+ and [pCyd+H]+ shown in Figures 5.4 and 5.5. B3LYP 
predicts N3 as the preferred protonation site for both [pdCyd+H]+ and [pCyd+H]+. Both 
B3LYP ground-state conformers of [pdCyd+H]+ and [pCyd+H]+ adopt an anti 
nucleobase orientation and C2'-endo sugar puckering. A weak noncanonical 
C5H···O=P hydrogen-bonding interaction is found for both B3LYP ground-state 
conformers. In contrast, the MP2 ground-state conformers are protonated at the 
phosphate oxo oxygen atom, adopt a syn nucleobase orientation, and C3'-endo sugar 
puckering. The syn oriented nucleobase is stabilized by strong P=OH+···O2 and 
POH···O4' hydrogen-bonding interactions. 
Figures 5.6 and 5.7 indicate that N7 is the preferred protonation site for 
[pdGuo+H]+ and [pGuo+H]+. Both N7A ground-state conformers exhibit an anti 
nucleobase orientation that is stabilized by a weak noncanonical C8H···O=P hydrogen-
bonding interaction. Both N7A conformers adopt C2'-endo sugar puckering. The syn-
oriented N7 protonated conformers are > 10 kJ/mol (B3LYP) less stable than the N7A 
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conformers. The N3 and O6 protonated conformers are > 30 kJ/mol (B3LYP) less 
favorable than the N7A conformers. 
The PA conformers of [pdThd+H]+ and [pUrd+H]+ shown in Figures 5.8 and 5.9 
are protonated at the phosphate oxo oxygen atom, and are stabilized by strong 
P=OH+···O2 and POH···O4' hydrogen-bonding interactions that induce base flipping 
and lead to a syn oriented canonical thymine or uracil nucleobase. Both PA conformers 
prefer C2'-endo sugar puckering. For [pUrd+H]+, B3LYP predicts O4 as the preferred 
protonation site. The B3LYP ground-state conformer exhibits an anti orientation of the 
nucleobase and C2'-endo sugar puckering. MP2 predicts the phosphate oxo oxygen as 
the preferred protonation site. The MP2 ground-state conformer exhibits a syn 
orientation of the nucleobase and C2'-endo sugar puckering. The syn oriented 
nucleobase is again stabilized by strong P=OH+···O2 and POH···O4' hydrogen-
bonding interactions.  
In summary, the relative stabilities of the purine mononucleotides are highly 
dependent on the site of protonation. In contrast, the low-energy conformers involving 
different protonation sites are much closer in stability for the pyrimidine 
mononucleotides. In particular, the MP2 ground-state conformers of [pdCyd+H]+, 
[pCyd+H]+ and [pUrd+H]+ all prefer protonation on the phosphate oxo oxygen atom, a 
syn nucleobase orientation, and are stabilized by strong P=OH+···O2 and POH···O4' 
hydrogen-bonding interactions. Clearly, MP2 level of theory exhibits a bias toward these 
types of hydrogen-bonding stabilizations. The 2'-hydroxyl substituent provides an 
additional hydrogen-bond donor or acceptor and increase opportunities for additional 
intramolecular hydrogen-bonding interactions, but overall does not exert a significant 
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influence of the structures of the RNA mononucleotides vs. their DNA counterparts. A 
detailed discussion of the theoretical results for the other low-energy conformers of all 
eight protonated canonical mononucleotides is provided in References 171174. 
5.3 Discussion 
5.3.1 Elucidation of the Gas-Phase Conformations of [pdAdo+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, N3A, N7A, N1A and N3a of [pdAdo+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.10. The 
calculated IR spectrum of the ground-state N3A conformer exhibits excellent agreement 
with the measured IRMPD spectra in both regions. Therefore, the syn oriented N3A 
conformer is clearly populated by ESI. In contrast, the calculated spectra of the N7A, 
N1A and N3a conformers exhibit features that are inconsistent with the measured 
IRMPD spectra. For N7A, the strong band predicted at ~1645 cm-1 is shifted to a slightly 
lower frequency than the measured band at ~1655 cm-1. The calculated band at ~1150 
cm-1 is shifted relative to both measured bands at ~1175 and 1125 cm-1 and would tend 
to broaden these bands if this conformer was populated. The calculated bands at ~3670, 
~3565 and ~3425 cm-1 are shifted to higher frequencies relative to the measured bands 
at ~3660, ~3535 and ~3425 cm-1, respectively. Moreover, the band predicted at ~3475 
cm-1 is not observed in the experiments. For N1A, the calculated bands at ~3670, 
~1680, and ~1290 cm-1 predicted at higher frequencies than the measured bands at 
~3660, ~1655, and ~1265 cm-1, respectively. The calculated band at ~1300 cm-1 for 
N3a is shifted to a higher frequency than the measured band at ~1265 cm-1. The 
calculated band at ~3415 cm-1 for N3a is slightly lower in frequency than the measured 
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band at ~3425 cm-1. Therefore, the most stable N7 and N1 protonated conformers, N7A 
and N1A, and the anti oriented N3a conformer are not populated in the experiments.  
5.3.2 Elucidation of the Gas-Phase Conformations of [pAdo+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-sate and 
representative low-energy conformers, N3A, N3iii, N1A and N7A of [pAdo+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.11. The 
calculated spectrum of the N3A conformer exhibits excellent agreement with the 
measured spectrum in both regions except for the weak IR feature predicted at ~3685 
cm-1, which is not observed in the measured spectrum. Theory suggests that this 
predicted IR feature represents the hydrogen-bond acceptor O3'H stretching. The 
strong intramolecular hydrogen-bonding interaction between 2'- and 3'-hydroxyls may 
lead to a blue-shift of the O3'H stretch relative to the measured band at ~3660 cm-1, and 
thus may not be diagnostically useful. Therefore, similar to [pdAdo+H]+, the N3 
protonated ground-state conformer of [pAdo+H]+, N3A, is populated by ESI. In contrast, 
the calculated IR spectra of the N3iii, N1A and N7A conformers exhibit obvious 
disagreement with the measured IRMPD spectra in both spectral regions, and therefore, 
these conformers are not populated by ESI. 
In summary, the ground-state N3A conformers of [pdAdo+H]+ and [pAdo+H]+ are 
the only structures populated by ESI. Both conformers exhibit a syn nucleobase 
orientation, stabilized by a strong N3H+···O=P hydrogen-bonding interaction, and C2'-
endo puckering. The calculated IR spectra of the N3A conformers of [pdAdo+H]+ and 
[pAdo+H]+ allow the measured IRMPD spectra of [pdAdo+H]+ and [pAdo+H]+ to be 
interpreted, respectively. Assignments of the vibrational modes of [pdAdo+H]+ and 
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[pAdo+H]+ are summarized in Table 5.1. Comparisons of the measured and calculated 
spectra for the other low-energy conformers of [pdAdo+H]+ and [pAdo+H]+ are 
discussed in detail in Reference 171. 
5.3.3 Elucidation of the Gas-Phase Conformations of [pdCyd+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, N3A, O2A, O2B and PA of [pdCyd+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.12. In the 
IR fingerprint region, the calculated IR spectra of the N3A, O2A and PA conformers all 
exhibit good agreement with the measured IRMPD spectrum. In particular, the 
calculated IR features of the N3A and O2A conformers are complementary to each 
other. The calculated band at ~1800 cm-1 for N3A contributes the measured band at 
~1800 cm-1. The band observed at ~1565 cm-1 and its shoulder at ~1535 cm-1 are 
contributed by the bands at those frequencies predicted for O2A and N3A, respectively. 
The sharp band predicted at ~1240 cm-1 for O2B appears at a much lower frequency 
than the measured band at ~1295 cm-1. Therefore, O2B is not be populated by ESI. In 
the hydrogen-stretching region, the calculated IR spectra of N3A and O2A exhibit good 
agreement with the measured IRMPD spectrum. In particular, the small band measured 
at ~3540 cm-1 is contributed by N3A and O2A, whereas the weak band measured at 
~3595 cm-1 is only contributed by O2A. In contrast, the calculated band at ~3640 cm-1 
for PA is lower in frequency than the measured band at ~3660 cm-1. Thus, comparative 
analyses of the measured and calculated spectra indicate that the N3A and O2A 
conformers are populated by ESI. However, the MP2 ground-state conformer, PA, and 
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the syn oriented O2 protonated conformer, O2B, exhibit features that indicate that they 
are not populated in the experiments. 
5.3.4 Elucidation of the Gas-Phase Conformations of [pCyd+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, N3A, O2A, O2B and PA of [pCyd+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.13. 
Similar to that found for [pAdo+H]+, the intramolecular hydrogen-bonding interaction 
between the 2'- and 3'-hydroxyls leads to a shift of the predicted hydrogen-bond 
acceptor O3'H stretching to ~3685 cm-1, which may not be diagnostically useful. Similar 
to that found for [pdCyd+H]+, the N3A and O2A conformers of [pCyd+H]+ are populated 
by ESI as very good agreement between their calculated spectra and the measured 
IRMPD spectrum is found. Similar to that found for the O2B and PA conformers of 
[pdCyd+H]+, disagreement between experiment and theory in the IR fingerprint region is 
found for O2B, and the calculated band at ~3640 cm-1 for PA of [pCyd+H]+ is 
inconsistent with the measured IRMPD spectra. Therefore, the phosphate oxo 
protonated conformer, PA, and the syn oriented O2 protonated conformer, O2B, are not 
present in the experiments. 
In summary, the N3A and O2A conformers of [pdCyd+H]+ and [pCyd+H]+ are 
populated by ESI. In contrast, the syn oriented O2 protonated conformers, O2B, and 
phosphate oxo protonated conformers, PA, of [pdCyd+H]+ and [pCyd+H]+ are not 
populated by ESI. MP2 theory predicts PA as the ground-state conformer for both 
[pdCyd+H]+ and [pCyd+H]+, whereas B3LYP predicts these conformers to be > 10 
kJ/mol less stable than the N3 protonated conformers, N3A, of [pdCyd+H]+ and 
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[pCyd+H]+. Comparisons between experiment and theory indicate that the phosphate 
oxo protonated conformers are not populated by ESI, suggesting that the B3LYP 
energetics may be more reliable than MP2 for [pdCyd+H]+ and [pCyd+H]+. Assignments 
of the vibrational modes of [pdCyd+H]+ and [pCyd+H]+ are summarized in Table 5.2. 
Comparisons of the measured and calculated spectra for the other low-energy 
conformers of [pdCyd+H]+ and [pCyd+H]+ are provided in Reference 172. 
5.3.5 Elucidation of the Gas-Phase Conformations of [pdGuo+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, N7A, N7C, N3A and O6A of [pdGuo+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.14. The 
calculated IR spectrum of N7A exhibits excellent agreement with the measured IRMPD 
spectrum except for the small weak band observed at ~3540 cm-1, which may be 
attributed to an overtone of the strong IR band measured at ~1775 cm-1. In contrast, the 
calculated IR spectra of N7C, N3A and O6A exhibit obvious discrepancies with the 
measured IRMPD spectrum between ~15003800 cm-1. Therefore, only the ground-
state N7A conformer is populated in the experiments. The calculated spectrum of the 
syn oriented N7C conformer exhibits obvious discrepancies with the measured 
spectrum, suggesting that the nucleobase orientation can be distinguished based on the 
measured IR features in both regions. Based on the calculated energetics and the 
comparison between experiment and theory, the N3 and O6 protonated conformers 
clearly do not contribute to the measured IRMPD spectrum.  
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5.3.6 Elucidation of the Gas-Phase Conformations of [pGuo+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, N7A, N7C, N3A and O6A of [pGuo+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.15. The 
predicted O3'H (hydrogen-bond acceptor) stretching at ~3680 cm-1 again is not 
diagnostically useful. Similar to [pdGuo+H]+, among these four conformers, only the 
calculated spectrum of the ground-state N7A conformer exhibits excellent agreement 
with the measured IRMPD spectrum. The calculated IR features of the other three 
conformers all exhibit obvious discrepancies with the measured IRMPD features. Thus, 
similar to that found for [pdGuo+H]+, only N7A of [pGuo+H]+ is populated by ESI.  
In summary, only the ground-state conformers, N7A, of [pdGuo+H]+ and 
[pGuo+H]+ are populated by ESI. Assignments of the vibrational modes of [pdGuo+H]+ 
and [pGuo+H]+ are summarized in Table 5.3. Further detail regarding the comparisons 
of the measured and calculated spectra for the other low-energy conformers of 
[pdGuo+H]+ and [pGuo+H]+ are provided in Reference 173. 
5.3.7 Elucidation of the Gas-Phase Conformations of [pdThd+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of ground-state and 
representative low-energy conformers, PA, PB, O4A and TA of [pdThd+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.16. In the 
IR fingerprint region, the band predicted at ~1800 cm-1 for O4A is higher in frequency 
than the measured band at ~1770 cm-1, whereas the calculated spectra of the other 
three conformers exhibit good matches with the measured IR features in this region. In 
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the hydrogen-stretching region, except for PA, the calculated spectra of the other 
conformers exhibit obvious disagreement with the measured IRMPD spectrum. 
Therefore, only the PA conformer is present in the experiments. The broadening of the 
IRMPD spectrum in the fingerprint region is likely the result of significant anharmonicity 
associated with the strong P=OH+···O2 and POH···O4' hydrogen-bonding interactions 
that stabilize this system.  
5.3.8 Elucidation of the Gas-Phase Conformations of [pUrd+H]+ Populated in the 
Experiments 
 
The measured IRMPD and calculated IR spectra of the ground-state and 
representative low-energy conformers, O4A, PA, PB and TA of [pUrd+H]+ are 
compared over the IR fingerprint and hydrogen-stretching regions in Figure 5.17. 
Similar to the other three protonated RNA mononucleotides, the bands predicted at 
~3680 cm-1 for O3'H (hydrogen-bond acceptor) stretching of these conformers are not 
diagnostic. The calculated spectrum of PA exhibits good agreement with the measured 
IRMPD spectrum. In the IR fingerprint region, the band predicted at ~1820 cm-1 for O4A 
is higher in frequency than the measured band at ~1790 cm-1, and the calculated 
spectra of the other three conformers exhibit good agreement with the measured 
spectrum. In contrast, except for PA, the calculated spectra of the other conformers all 
exhibit obvious disagreement with the measured spectrum in the hydrogen-stretching 
region. Therefore, similar to [pdThd+H]+, only the PA conformer of [pUrd+H]+ is present 
in the experiments. 
In summary, the spectra measured for [pdThd+H]+ and [pUrd+H]+ in the 
hydrogen-stretching region are very useful in determining the gas-phase conformations 
populated by ESI, as the IRMPD spectra exhibit extensive broadening in the IR 
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fingerprint region. Comparisons between experiment and theory indicate that only the 
PA conformers of [pdThd+H]+ and [pUrd+H]+ are populated in the experiments. The PA 
conformers of [pdThd+H]+ and [pUrd+H]+ are both protonated at the phosphate oxo 
oxygen atoms,  exhibit a syn nucleobase orientation, which is stabilized by strong 
P=OH+···O2 and POH···O4' hydrogen-bonding interactions, and C2'-endo sugar 
puckering. Assignments of the key vibrational modes of [pdThd+H]+ and [pUrd+H]+ are 
summarized in Table 5.4, as extensive broadening is observed for [pdThd+H]+ and 
[pUrd+H]+ over the IR fingerprint region. Band positions of some modes are masked 
and thus not reported. Comparisons of the measured and calculated spectra for the 
other low-energy conformers of [pdThd+H]+ and [pUrd+H]+ are provided in Reference 
174. 
5.3.9 Influence of the Phosphate Moiety on Gas-Phase Conformation 
The presence of the phosphate moiety does not affect the preferred site of 
protonation of the protonated Ade, Cyt and Gua mononucleotides vs. their analogous 
nucleosides. In contrast, the phosphate moiety is the preferred site of protonation for 
[pdThd+H]+ and [pUrd+H]+, whereas the analogous nucleosides undergo 
tautomerization upon protonation such that 2,4-dihydroxy tautomers are dominant in the 
experimental population. For [pdThd+H]+ and [pUrd+H]+, the phosphate oxo oxygen 
atoms are protonated and allow very strong P=OH+···O2 and POH···O4' hydrogen-
bonding interactions to stabilize a syn nucleobase orientation. The 2,4-dihydroxy 
tautomers of [pdThd+H]+ and [pUrd+H]+ are not populated experiments. In all cases, the 
phosphate moiety serves as a better hydrogen-bond acceptor than the 5'-hydroxyl 
moiety of the nucleosides. Therefore, stronger intramolecular hydrogen-bonding 
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interactions stabilize the protonated nucleotides than those of the protonated 
nucleosides. Thus the phosphate moiety of the protonated nucleotides more effectively 
locks down the structure vs. their analogous nucleosides, leading to only a single 
conformation of protonated Ade, Gua, Thy and Ura nucleotides, and two conformations, 
N3 and O2 protonated Cyt nucleotides populated by ESI. 
5.3.10 Influence of the Phosphate Moiety on IRMPD Action Spectrum  
Comparisons of Figures 3.13.2 (Chapter 3) and Figure 5.1, and Tables 
3.13.5 (Chapter 3) and Tables 5.15.4, respectively, allow the influence of the 
phosphate moiety on the measured IRMPD action spectra to be elucidated. As 
compared to the measured IRMPD spectra of the protonated nucleosides, the 
phosphate moiety enhances the IRMPD yield of features below ~1000 cm-1, and 
broadens some of the IRMPD features in the region of ~10001400 cm-1 for the 
protonated mononucleotides. The phosphate moiety also leads to minor red shifts of the 
measured IRMPD features observed above ~1400 cm-1 in the IR fingerprint region, i.e., 
those associated with the nucleobase, for the protonated mononucleotides vs. their 
analogous nucleosides. This is consistent with the phosphate moiety serving as a 
stronger hydrogen-bond acceptor than the 5'-hydroxyl moiety, and thus the nucleobase 
IR signatures are slightly red-shifted as compared to those of their analogous 
nucleosides. The increased IRMPD yields observed for the protonated mononucleotides 
in the hydrogen-stretching region are likely due to the additional hydrogen-stretching 
modes available to the phosphate moiety as compared to the single O5'H stretch of the 
protonated nucleosides.  
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5.4 Conclusions 
The gas-phase conformations of the protonated DNA and RNA mononucleotides 
are investigated by IRMPD spectroscopy assisted by theory. Comparative analyses of 
the measured IRMPD and calculated IR spectra enable the low-energy conformers 
populated in the experiments to be determined. For [pdAdo+H]+ and [pAdo+H]+, N3 
protonation induces base flipping leading to a syn nucleobase orientation, stabilized by 
a strong N3H+···O=P hydrogen-bonding interaction. In contrast, N7 protonated guanine 
exhibits in an anti nucleobase orientation in [pdGuo+H]+ and [pGuo+H]+. The N3 and O2 
protonated low-energy conformers of [pdCyd+H]+ and [pCyd+H]+ are both populated by 
ESI and contribute to the measured spectra. These conformers both prefer anti 
nucleobase orientations, stabilized by weak noncanonical hydrogen-bonding 
interactions. For [pdThd+H]+ and [pUrd+H]+, protonation occurs at the phosphate oxo 
oxygen atom, and also induce base flipping. The canonical Thy and Ura nucleobases 
are stabilized by strong P=OH+···O2 and POH···O4' hydrogen-bonding interactions, and 
exhibit a syn nucleobase orientation. The excess proton is nearly equally shared in the 
hydrogen-bonding interactions of [pdThd+H]+ and [pUrd+H]+, thus extensive broadening 
is observed in the IR fingerprint region. Therefore, the IRMPD spectra in the hydrogen-
stretching region are most valuable for distinguishing the low-energy conformations of 
[pdThd+H]+ and [pUrd+H]+. Overall, the IRMPD action spectroscopy and theoretical 
studies of the protonated forms of the DNA and RNA mononucleotides presented in this 
chapter find that the phosphate moiety enhances the intramolecular hydrogen-bonding 
interactions that stabilize the structures and allows very specific gas-phase 
conformations to be distinguished from the other low-energy conformations. This is in 
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contrast to that found for the protonated nucleosides, where several low-conformers 
involving the same site of protonation or a variety of conformers involving different 
protonation sites coexist in the experimental populations. 
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Table 5.1 Vibrational Assignments for [pdAdo+H]+ and [pAdo+H]+ Based on the 
Vibrational Modes Predicted for the N3A Conformers of [pdAdo+H]+ and [pAdo+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[pdAdo+H]+ [pAdo+H]+ 
P−OH bending 935 938 
sugar ring stretching 1075 1071 
C5'−O5' stretching 1124 1123 
C4'−C5' stretching 1171 1175 
P=O stretching 1266 1263 
sugar hydrogen bending  1390 1385 
N1=C6 and C8−N9 stretching 1456 1452 
N3−C4 and N1−C2 stretching 1608 1610 
NH2 scissoring 1656 1657 
NH2 symmetric stretching 3425 3422 
NH2 asymmetric stretching 3536 3538 
O2'H stretching - 3577 
POH and O3'H stretching 3662 3661 
aAll frequencies and vibrational assignments taken from Reference 171. 
 
Table 5.2 Vibrational Assignments for [pdCyd+H]+ and [pCyd+H]+ Based on the 
Vibrational Modes Predicted for the N3A and O2A Conformers of [pdCyd+H]+ and 
[pCyd+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[pdCyd+H]+ [pCyd+H]+ 
P−OH bending 937 936 
C4'−C5', C5'−O5' and sugar ring stretching 1104 1110 
P=O stretching 1284 1293 
nucleobase hydrogen bending 1492 1503 
N3−H bending 1537 1538 
nucleobase stretching 1566,1616 1573,1624 
NH2 scissoring 1662 1667 
C=O stretching 1800 1791 
N3−H stretching 3410 3412 
NH2 symmetric stretching 3443 3435 
NH2 asymmetric stretching 3540 3540 
O2H, O2'H ([pCyd+H]+) stretching 3576 3576 
POH and O3'H stretching 3661 3661 
aAll frequencies and vibrational assignments taken from Reference 172. 
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Table 5.3 Vibrational Assignments for [pdGuo+H]+ and [pGuo+H]+ Based on the 
Vibrational Modes Predicted for the N7A Conformers of [pdGuo+H]+ and [pGuo+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[pdGuo+H]+ [pGuo+H]+ 
P−OH bending 934 940 
C5'−O5', C4'−C5', and sugar ring stretching 1106 1110 
P=O stretching 1285 1283 
N7−H in-plane bending 1468 1476 
nucleobase ring stretching 1578 1589 
NH2 scissoring 1639 1646 
C=O stretching 1770 1776 
N1−H stretching 3414 3410 
NH2 symmetric and N7−H stretching 3455 3451 
overtone of C=O stretching  3535 3535 
NH2 asymmetric and O2'H ([pGuo+H]
+) stretching 3564 3560 
P−OH and O3'H stretching 3661 3661 
aAll frequencies and vibrational assignments taken from Reference 173. 
 
Table 5.4 Vibrational Assignments for [pdThd+H]+ and [pUrd+H]+ Based on the 
Vibrational Modes Predicted for the PA Conformers of [pdThd+H]+ and [pUrd+H]+.a 
Vibrational Mode Assignment 
Frequency (cm-1) 
[pdThd+H]+ [pUrd+H]+ 
O2 carbonyl stretching 1639 
1662 
nucleobase stretching 1672 
O4 carbonyl stretching 1768 1791 
N3H stretching 3410 3410 
O2'H stretching - 3588 
POH and O3'H stretching 3652 3661 
aAll frequencies and vibrational assignments taken from Reference 174. 
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Figure 5.1. The measured IRMPD action spectra of protonated DNA and RNA 
mononucleotides over the IR fingerprint and hydrogen-stretching regions. The IRMPD 
yields of the protonated RNA mononucleotides are divided by a factor of three in the 
IR fingerprint region. 
÷3 
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Figure 5.2. Low-energy conformers predicted for [pdAdo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 5.3. Low-energy conformers predicted for [pAdo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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N3A, anti, C2'-endo 
0.0, 0.6 kJ/mol 
O2A, anti, C2'-endo 
7.3, 0.5 kJ/mol 
O2B, syn, C3'-endo 
7.4, 1.3 kJ/mol 
PA, syn, C3'-endo 
17.7, 0.0 kJ/mol 
Figure 5.4. Low-energy conformers predicted for [pdCyd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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N3A, anti, C2'-endo 
0.0, 5.6 kJ/mol 
O2A, anti, C2'-endo 
4.4, 3.7 kJ/mol 
O2B, syn, C3'-endo 
2.8, 2.0 kJ/mol 
PA, syn, C3'-endo 
12.8, 0.0 kJ/mol 
Figure 5.5. Low-energy conformers predicted for [pCyd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 5.6. Low-energy conformers predicted for [pdGuo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 5.7. Low-energy conformers predicted for [pGuo+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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PA, syn, C2'-endo 
0.0, 0.0 kJ/mol 
PB, syn, C2'-endo 
14.9, 10.9 kJ/mol 
O4A, anti, C2'-endo 
6.1, 18.5 kJ/mol 
TA, anti, C2'-endo 
7.6, 11.6 kJ/mol 
Figure 5.8. Low-energy conformers predicted for [pdThd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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O4A, syn, C2'-endo 
0.0, 13.1 kJ/mol 
PA, syn, C2'-endo 
0.8, 0.0 kJ/mol 
PB, anti, C2'-endo 
9.9, 7.0 kJ/mol 
TA, anti, C2'-endo 
1.9, 8.2 kJ/mol 
Figure 5.9. Low-energy conformers predicted for [pUrd+H]+ at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) (black) and MP2(full)/6-311+G(2d,2p)//B3LYP/6-
311+G(d,p) (red) levels of theory. The site of protonation, nucleobase orientation, and 
sugar puckering are indicated for each conformer. Conformers populated in the 
experiments are indicated in red. 
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Figure 5.10. Comparison of the measured IRMPD action spectrom of [pdAdo+H]+ 
with the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pdAdo+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.11. Comparison of the measured IRMPD action spectrom of [pAdo+H]+ with 
the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pAdo+H]+ and their B3LYP/6-311+G(d,p) optimized structures. 
The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free energies at 
298 K are shown in black and red, respectively. The site of protonation, nucleobase 
orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.12. Comparison of the measured IRMPD action spectrom of [pdCyd+H]+ 
with the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pdCyd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.13. Comparison of the measured IRMPD action spectrom of [pCyd+H]+ with 
the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pCyd+H]+ and their B3LYP/6-311+G(d,p) optimized structures. 
The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free energies at 
298 K are shown in black and red, respectively. The site of protonation, nucleobase 
orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.14. Comparison of the measured IRMPD action spectrom of [pdGuo+H]+ 
with the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pdGuo+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.15. Comparison of the measured IRMPD action spectrom of [pGuo+H]+ with 
the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pGuo+H]+ and their B3LYP/6-311+G(d,p) optimized structures. 
The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free energies at 
298 K are shown in black and red, respectively. The site of protonation, nucleobase 
orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.16. Comparison of the measured IRMPD action spectrom of [pdThd+H]+ 
with the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pdThd+H]+ and their B3LYP/6-311+G(d,p) optimized 
structures. The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free 
energies at 298 K are shown in black and red, respectively. The site of protonation, 
nucleobase orientation, and sugar puckering are also indicated for each conformer. 
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Figure 5.17. Comparison of the measured IRMPD action spectrom of [pUrd+H]+ with 
the B3LYP/6-311+G(d,p) IR spectra for the ground-state and representative low-
energy conformers of [pUrd+H]+ and their B3LYP/6-311+G(d,p) optimized structures. 
The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) Gibbs free energies at 
298 K are shown in black and red, respectively. The site of protonation, nucleobase 
orientation, and sugar puckering are also indicated for each conformer. 
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
In this thesis work, I performed detailed experimental and theoretical studies to 
probe the intrinsic properties, including gas-phase conformations, energetics and 
dissociation behaviors, of nucleic acid building blocks, nucleosides and 
mononucleotides. In particular, I probed the stable gas-phase conformations of the 
protonated forms of four pairs of canonical DNA and RNA nucleosides, and two 
modified nucleosides, 2'-deoxyuridine and 5-methyluridne. I have carefully examined 
the preferred site of protonation and the role protonation plays in influencing the 
nucleobase orientation and sugar puckering. With the knowledge gained regarding the 
stable gas-phase conformations of these protonated nucleosides, I then examined the 
mechanisms for N-glycosidic bond cleavage of these systems, and quantitatively 
measured accurate thermochemical data associated with the N-glycosidic bond 
cleavage processes that occur upon collision-induced dissociation (CID) of these 
species. I also extended my study of the gas-phase conformations of the protonated 
nucleosides to the protonated mononucleotides to elucidate the influence of the 
phosphate moiety on the stable gas-phase conformations. 
In Chapter 3, IRMPD action spectroscopy and electronic structure calculations 
were employed to examine the stable gas-phase conformations of the protonated DNA 
and RNA nucleosides, including 2'-deoxyadenosine (dAdo), adenosine (Ado), 2'-
deoxycytidine (dCyd), cytidine (Cyd), 2'-deoxyguanosine (dGuo), guanosine (Guo), 
thymidine (dThd), 5-methyluridine (Thd), 2'-deoxyuridine (dUrd), and uridine (Urd).160164 
Comparisons of the measured IRMPD and predicted IR spectra for the low-energy 
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conformers computed allow the preferred site(s) of protonation and the conformers 
populated in the experiments to be determined. For the protonated purine nucleosides, 
[dAdo+H]+ and [Ado+H]+, and [dGuo+H]+ and [Guo+H]+, only the N3 and N7 protonated 
low-energy conformers, respectively, are found to be present in the experiments. N3 
protonation induces base flipping of [dAdo+H]+ and [Ado+H]+ allowing the formation of a 
strong N3H+···O5' hydrogen-bonding interaction with the 5'-hydroxyl substituent. These 
conformers favor C2'-endo sugar puckering. In contrast, the N7 protonated Gua takes 
on an anti orientation with C3'-endo puckering of the sugar moiety in [dGuo+H]+ and 
[Guo+H]+. N3 and O2 protonated conformers of [dCyd+H]+ and [Cyd+H]+ are found to 
coexist in the experiments in roughly equal populations. These conformers prefer an 
anti nucleobase orientation and C2'-endo puckering. The only significant difference 
between the N3 and O2 protonated conformers is the position of the excess proton. A 
large variety of 2,4-dihydroxy tautomers of [dThd+H]+, [Thd+H]+, [dUrd+H]+ and 
[Urd+H]+  are found to be present in the experiments. The 5-methyl substituent of 
[dThd+H]+ and [Thd+H]+ alters the protonation preferences vs. [dUrd+H]+ and [Urd+H]+ 
as O2 protonated conformers of [dThd+H]+ and [Thd+H]+ are also found to be populated 
in the experiments, whereas O4 protonated conformers of [dUrd+H]+ and [Urd+H]+  are 
instead among the conformers populated in the experiments. These conformers 
generally exhibit an anti nucleobase orientation and C2'-endo sugar puckering. 
Comparisons of the measured IRMPD spectra and the conformers populated in the 
experiments for the protonated DNA and RNA nucleosides indicate that the 2'-hydroxyl 
substituent does not significantly influence the IRMPD profiles or the stable gas-phase 
conformations. However, the 2'-hydroxyl substituent greatly affects the IRMPD yields. 
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The hydrogen-bonding interactions associated with the 2'-hydroxyl substituent stabilize 
the ribose sugar moieties and lead to more efficient IVR for the nucleobase moieties in 
the protonated RNA nucleosides. Therefore, higher IRMPD yields are observed in the 
fingerprint region for the protonated RNA nucleosides. In contrast, the free 3'-hydroxyl 
substituent in the protonated DNA nucleosides may contribute to the higher IRMPD 
yields observed for these systems in the hydrogen-stretching region. 
In Chapter 4, the dissociation behaviors of the stable gas-phase conformations 
of 10 protonated DNA and RNA nucleosides populated in the experiments as 
established by the IRMPD action spectroscopy studies of Chapter 3 were 
examined.165169 Energy-dependent CID experiments of these systems were performed 
using a guided ion beam tandem mass spectrometer. The primary CID pathways 
observed involve N-glycosidic bond cleavage resulting in elimination of either the 
protonated or neutral nucleobase in competition. Theoretical calculations were 
performed to predict the potential energy surfaces (PESs) for these CID pathways. The 
molecular parameters of the species along the PESs were also calculated for use in 
modeling the threshold behavior. Except for [Ado+H]+, the predicted PESs for N-
glycosidic bond cleavage resulting in elimination of the protonated nucleobases involve 
a two-step mechanism. In the first step, the N-glycosidic bond elongates, and in the 
second step, the C2'-H is transferred to the nucleobase facilitating departure of the 
protonated nucleobase and forming a neutral planar sugar moiety; the predicted PESs 
for N-glycosidic bond cleavage resulting in elimination of the neutral nucleobases simply 
involve the N-glycosidic bond elongation to produce a noncanonical nucleobase and a 
charged sugar moiety. Overall, B3LYP theory provides much better descriptions of the 
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PESs for N-glycosidic bond cleavage than MP2 theory. The B3LYP activation energies 
(AEs) for elimination of the protonated nucleobase and reaction enthalpies (ΔHrxns) for 
elimination of the neutral nucleobase exhibit excellent agreement with the measured 
AEs and ΔHrxns. In all cases, the protonated RNA nucleosides require more energy to 
activate the N-glycosidic bond than their DNA analogues, indicating that the 2'-hydroxyl 
substituent enhances the stability of the N-glycosidic bond. Among all systems, the 
protonated adenine nucleosides, [dAdo+H]+ and [Ado+H]+, require the most energy to 
cleave the glycosidic bond. The adenine nucleosides also exhibit distinct CID behaviors 
from the other systems. Competition between the two major CID pathways is much 
greater for [Ado+H]+ than for [dAdo+H]+, which contrasts the behavior observed for the 
other four pairs of protonated DNA and RNA nucleosides, where the DNA species 
exhibit greater competition between the two CID pathways than their RNA analogues. 
Distinct PESs are predicted for [Ado+H]+ where the 2'-hydroxyl substituent and syn 
orientation of the nucleobase facilitate production of the canonical neutral adenine 
nucleobase, lowering the ΔHrxn and leading to highly competitive behavior observed for 
the two primary CID pathways of [Ado+H]+. The proton affinities (PAs) of the 
nucleobases only partially correlate with the leaving group propensities of the 
protonated nucleobase such that the trend in the measured AEs is only partially 
consistent with the trend of the PAs. Comparisons of the measured and calculated AEs 
and ΔHrxns suggest that the conformation of the reactant, state of protonation, 
tautomeric state, and orientation of the nucleobase relative to the sugar moiety all play a 
more significant role than the nucleobase PAs in determining the energetics associated 
with the N-glycosidic bond cleavage processes. In particular, the protonated Ade 
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nucleosides exhibit a syn nucleobase orientation, stabilized by the strong N3H+···O5' 
hydrogen-bonding interaction, requires the most energy to cleave the N-glycosidic bond. 
Therefore, the syn nucleobase orientations and the strong hydrogen-bonding 
interactions play an important role in enhancing the N-glycosidic bond stabilities of the 
protonated Ade nucleosides. The Thy and Ura nucleobases have the smallest PAs 
among all nucleobases. The propensities of these two protonated nucleobases as the 
leaving groups should be the lowest. However, the measured AEs and ΔHrxns suggest 
that the protonated Thy and Ura nucleosides do not require the most energy to cleave 
the N-glycosidic bond. Comparison between experiment and theory suggests that the 
2,4-dihydroxy tautomers of these nucleosides determine the threshold energies. 
Therefore, tautomerization may play a more significant role in influencing the energetics 
for N-glycosidic bond cleavage than the nucleobase PAs. The stepwise E1 mechanism 
for N-glycosidic bond cleavage found for the protonated nucleosides is analogous to the 
stepwise SN1 mechanism for N-glycosidic bond hydrolysis under biological conditions. 
The quantitative energetics for N-glycosidic bond cleavage measured here reveal the 
absolute energies required to cleave the glycosidic bond facilitated by protonation or low 
pH conditions in the absence of any hydrolytes or enzymes.     
In Chapter 5, the experimental and theoretical approach used in Chapter 3 was 
also employed to examine the stable gas-phase conformations of the protonated DNA 
and RNA mononucleotides, including 2'-deoxyadenosine-5'-monophosphate (pdAdo), 
adenosine-5'-monophosphate (pAdo), 2'-deoxycytidine-5'-monophosphate (pdCyd), 
cytidine-5'-monophosphate (pCyd), 2'-deoxyguanosine-5'-monophosphate (pdGuo), 
guanosine-5'-monophosphate (pGuo), thymidine-5'-monophosphate (pdThd), and 
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uridine-5'-monophosphate (pUrd).171174 Similar to the protonated purine nucleosides, 
only the N3 and N7 protonated low-energy conformers, respectively, are found to be 
present in the experiments for [pdAdo+H]+ and [pAdo+H]+, and [pdGuo+H]+ and 
[pGuo+H]+. N3 protonation again induces base flipping of [pdAdo+H]+ and [pAdo+H]+, 
and now instead a strong N3H+···O=P hydrogen-bonding interaction stabilizes the syn 
orientation of Ade. N7 protonation is again found to be the preferred site of protonation 
for [pdGuo+H]+ and [pGuo+H]+. The conformers of [pdAdo+H]+ and [pAdo+H]+, as well 
as those of [pdGuo+H]+ and [pGuo+H]+ populated in the experiments all exhibit C2'-
endo sugar puckering. Similar to the protonated Cyt nucleosides, their analogous 
mononucleotides exhibit both N3 and O2 protonated conformers populated in the 
experiments. They prefer an anti nucleobase orientation and C2'-endo sugar puckering. 
Distinctly different from the protonated Thy and Ura nucleosides, the phosphate oxo 
oxygen atom is found to be the preferred site of protonation for their analogous 
mononucleotides. The protonated phosphate moiety stabilizes syn oriented Thy and Ura 
nucleobases and the sugar moiety, i.e. via strong P=OH+···O2 and POH···O4' 
hydrogen-bonding interactions. The Thy and Ura nucleobases of [pdThd+H]+ and 
[pUrd+H]+ are found in their canonical forms. The 2,4-dihydroxy tautomers are not found 
in the experiments for [pdThd+H]+ and [pUrd+H]+. The 2'-hydroxyl substituent does not 
significantly affect the stable gas-phase conformations of the protonated DNA vs. RNA 
mononucleotides, or their measured IRMPD profiles. The effect of the 2'-hydroxyl 
substituent is primarily reflected by the markedly different IRMPD yields observed for 
the protonated DNA vs. RNA species in the fingerprint region. Via comparisons to the 
results in Chapter 3, the influence of the phosphate moiety on the gas-phase 
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conformations is elucidated. The phosphate moiety serves as a better hydrogen-bond 
acceptor than the 5'-hydroxyl substituent of the protonated nucleosides. Thus the 
intramolecular hydrogen-bonding interactions that stabilize the protonated 
mononucleotides are typically stronger and more conformationally restrictive than those 
in their analogous nucleosides. The phosphate moiety also provides an additional 
potential site of protonation to the mononucleotides. In particular, protonation occurs on 
the phosphate moieties of [pdThd+H]+ and [pUrd+H]+. This is in contrast to their 
analogous nucleosides, where protonation occurs on the Thy and Ura nucleobases, 
induces tautomerization, and preferentially stabilizes 2,4-dihydroxy tautomers. 
6.2 Future Work 
The present thesis examines the intrinsic properties, gas-phase conformations 
and energetics of nucleic acid building blocks in detail using IRMPD spectroscopy and 
electronic structure calculations. This thesis also uses quantitative threshold collision-
induced dissociation (TCID) methods and electronic structure calculations to probe the 
mechanisms for N-glycosidic bond cleavage and to obtain accurate thermochemical 
information associated with these processes. This research could be expanded upon in 
a variety of ways. Several potential projects are discussed below: 
1) In Chapters 3 and 5, the gas-phase conformations of the protonated forms of 
DNA and RNA nucleosides and mononucleotides are investigated, respectively. IRMPD 
action spectroscopy in conjunction with electronic structure calculations has proven to 
be a very useful tool in examining the gas-phase conformations of biologically relevant 
ions. Elucidation of the gas-phase conformations of metal cationized nucleosides and 
mononucleotides using the same approaches is worth pursuing. Comparisons of the 
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gas-phase conformations of protonated vs. metal cationized systems will enable the 
effects of protonation vs. noncovalent interactions with metal cations on the structures 
of the nucleic acid building blocks to be elucidated. These comparisons may reveal 
similar or potentially very different roles that protons and metal cations play in 
influencing the intrinsic structural features of these systems. 
2) The protonated forms of the DNA and RNA nucleosides (except for 2'-
deoxyuridine and 5-methyuridine) and mononucleotides studied in Chapters 3 and 5 
are the naturally occurring or canonical forms. IRMPD spectroscopy and electronic 
structure calculations can be used to further study protonated forms of modified 
nucleosides of which there are currently > 140 known to occur in nature and many more 
that have been synthesized for various pharmaceutical and research applications.175 
There are various modifications of the canonical forms that are worth pursuing: 1) 2'-
modifications: 2'-O-methylation of the RNA nucleosides, 2'-fluoro substituted RNA 
nucleosides, ara-RNA nucleosides (where the stereochemistry at the C2' atom is 
inverted such that the O2'H lies above the sugar moiety), 2'-3'-dideoxynucleosides; 2) 
uridine modifications: 5-halogenated uridine (5-XUrd, X= F, Cl, Br, I), thio-keto 
substituted, 2- and 4-thiouridine, and the C5 binding isomer of Urd, pseudouridine (Ψ). 
Studies of the gas-phase conformations of these modified nucleosides may provide 
insight into the effects of these modifications on their structures and chemical properties. 
3) To enhance the understanding of the factors that influence the stability of N-
glycosidic bond and the cleavage mechanisms studied in Chapter 4, it is of great 
interest to study N-glycosidic bond hydrolysis using the TCID approach coupled with 
theoretical calculations. Forming monohydrated protonated nucleosides by ESI to study 
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N-glycosidic bond hydrolysis would enable the influence of reactive water and solvent 
on the N-glycosidic bond cleavage reactions to be established, and simultaneously 
enable the first hydration enthalpies to be determined. 
This thesis work has found that N3 protonation of Ade nucleosides induces base 
flipping and greatly influence the mechanisms and energetics for N-glycosidic bond 
cleavage. Therefore, it is of great interest to study the N-glycosidic bond cleavage 
reactions of the protonated 3-methylated Ade nucleosides. When the N3 position 
becomes unavailable for protonation, the 3-methyladenine nucleobase is likely to take 
on an anti orientation. The mechanisms and energetics for N-glycosidic bond cleavage 
of the 3-methylated species thus may be distinctly different from their canonical species. 
The mechanisms and energetics for N-glycosidic bond cleavage of the 
protonated forms of the 2'-O-methylated RNA nucleosides are also worthwhile to study. 
Comparisons of the quantitatively measured thermochemical information for N-
glycosidic bond cleavage of these modified vs. canonical RNA nucleosides may reveal 
the important role 2'-O-methyl substituent plays in influencing the mechanisms and 
energetics for N-glycosidic bond cleavage. 
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The gas-phase conformations of the protonated forms of the nucleic acid 
constituents: nucleosides and mononucleotides, were characterized by infrared multiple 
photon dissociation (IRMPD) action spectroscopy and theoretical calculations. The 
IRMPD spectroscopy experiments were performed using a Fourier transform ion 
cyclotron resonance mass spectrometer (FT-ICR MS) coupled to a free electron laser or 
a OPO/OPA laser system to measure the IRMPD action spectra over the IR fingerprint 
and hydrogen-stretching regions.  
Theoretical calculations were performed using both mechanic dynamics and high 
level quantum chemical calculations to optimize structures, compute vibrational 
frequencies and IR intensities, and to obtain the relative stabilities of optimized 
structures. Comparisons of the measured IRMPD vs. computed linear IR spectra allow 
the stable conformers populated in the experiments to be determined. These 
conformers provide information regarding the preferred site of protonation, nucleobase 
orientation, and sugar puckering for each system investigated.  
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Comparisons of the measured IRMPD spectra and the stable gas-phase 
conformations of DNA vs. RNA species allow the effect of the 2'-hydroxyl substituent on 
the IRMPD spectra and conformations to be elucidated. The 2'-hydroxyl substituent 
does not significantly affect the measured IRMPD profiles and but greatly influence the 
IRMPD yields of DNA vs. RNA. The 2'-hydroxyl substituent does not significantly impact 
the stable gas-phase conformations of DNA vs. RNA. However, it provides an additional 
hydrogen-bond donor or acceptor, facilitating additional intramolecular hydrogen-
bonding interactions to be formed. Therefore, a larger number of low-energy conformers 
are typically found to be populated in the experiments for the protonated RNA 
nucleosides and mononucleotides than their DNA analogues. 
Comparisons of these results for the protonated nucleosides vs. 
mononucleotides elucidate the effect of the phosphate moiety on the conformations. 
The phosphate moiety serves as a stronger hydrogen-bond acceptor than the 5'-
hydrxoyl substituent, and thus enhances the intramolecular hydrogen-bonding 
interactions formed between the phosphate, nucleobase and sugar moieties. Therefore, 
a very limited numbers of low-energy conformers are found to be populated in the 
experiments for the protonated mononucleotides. The phosphate moiety does not 
change the preferred protonation site of the adenine, guanine and cytosine 
mononucleotides as compared to their analogous nucleosides. However, the 
protonation preferences of the thymine and uracil mononucleotides are greatly affected 
by the phosphate moiety as compared to their analogous nucleosides. 
The mechanisms and energetics for N-glycosidic bond cleavage of the 
protonated forms of 10 nucleosides were investigated by threshold collision-induced 
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dissociation (TCID) techniques and theoretical calculations. The TCID experiments are 
performed using a custom-built guided ion beam tandem mass spectrometer to 
measure the CID cross sections as a function of collision energy. Stable gas-phase 
conformations of the protonated nucleosides determined from the IRMPD spectroscopy 
studies are taken as the reactants for the TCID experiments. The primary CID pathways 
observed in the experiments involve the cleavage of N-glycosidic bond, resulting in 
elimination of protonated or neutral nucleobase in competition. 
Theoretical calculations were performed to map the potential energy surfaces 
(PESs) for N-glycosidic bond cleavage, and obtain important molecular parameters 
needed for threshold analyses. Except for protonated adenosine, [Ado+H]+, the 
calculated PESs for N-glycosidic bond cleavage of DNA vs. RNA indicate that the 2'-
hydroxyl substituent does not affect the dissociation mechanisms, which typically 
involves two steps: N-glycosidic bond elongation and C2'-H transfer.  
Threshold analysis allows the quantitative thermochemical energetics, activation 
energies (AEs) and reaction enthalpies (ΔHrxns), associated with the N-glycosidic bond 
cleavage processes to be determined. The measured AEs and ΔHrxns of the protonated 
DNA vs. RNA nucleosides indicate that the 2'-hydroxyl substituent typically increases 
these values by > 20 kJ/mol from DNA to RNA. Therefore, the 2'-hydroxyl substituent 
enhances the stability of N-glycosidic bond for the RNA species vs. their DNA 
analogues.  
Comparisons of the measured AEs and ΔHrxns of the five protonated DNA and 
RNA nucleosides, respectively, allow the effects of different nucleobases on the 
stabilities of N-glycosidic bond to be determined. The trends found for the protonated 
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DNA and RNA nucleosides indicate that the proton affinities (PAs) of the nucleobases 
only partially correlate with the leaving group propensities of the protonated nucleobase 
such that the trend in the measured AEs is not entirely consistent with the trend of the 
PAs. The trend suggests that the conformation of the reactant, site of protonation, 
tautomeric state, and orientation of the nucleobase relative to the sugar moiety all play a 
more significant role than the nucleobase PAs in determining the energetics associated 
with the N-glycosidic bond cleavage processes. 
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